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Abstract 

We recently proposed a spontaneous A4 flavor symmetry breaking scheme imple- 
mented in a warped extra dimensional setup to explain the observed pattern of quark 
and lepton masses and mixings. The quark mixing is induced by bulk A4 flavons me- 
diating "cross-brane" interactions and a "cross-talk" between the quark and neutrino 
sectors. In this work we explore the phenomenology of RS-A4 and systematically ob- 
tain bounds on the Kaluza-Klein mass scale implied by flavor changing neutral current 
(FCNC) processes. In particular, we study the constraints arising from Re{e' /ex), 
b 57, the neutron EDM and Higgs mediated FCNCs, while the tree level contribu- 
tion to ek through a KK gluon exchange vanishes. We flnd an overall lower bound 
on the Kaluza-Klein mass scale Mkk ^1-3 TcV from FCNCs, induced by 6 ^ .37 
differently from flavor anarchic models. This bound is still weaker than the bound 
Mkk > 4.6 TeV induced by ZbLh in RS-A4. The little CP problem, related to the 
largely enhanced new physics contributions to the neutron EDM in flavor anarchic 
models, is absent. The subtleties of having the Higgs and flavons in the bulk are taken 
into account and flnal predictions are derived in the complete three-generation case. 



1 Introduction 



In a recent paper [T] we have proposed a model based on a bulk A4 flavor symmetry [2] 
in warped geometry |3], in an attempt to describe masses and mixing patterns of Standard 
Model (SM) quarks and leptons. As in previous models based on A4 |4J, the three generations 
of left-handed quarks transform as triplets of A4; this assignment forbids tree level gauge 
mediated FCNCs and allows to obtain realistic masses and almost realistic mixing angles 
in the quark sector. The scalar sector of the RS-A4 model contains two bulk flavon flelds, 
in addition to a bulk Higgs fleld. The bulk flavons transform as triplets of A4, and allow 
for a complete "cross-talk" [5J between the A4 — )■ spontaneous symmetry breaking (SSB) 
pattern associated with the heavy neutrino sector - with scalar mediator peaked towards the 
UV brane - and the A4 — )■ Z3 SSB pattern associated with the quark and charged lepton 
sectors - with scalar mediator peaked towards the IR brane. A bulk custodial symmetry, 
broken differently at the two branes guarantees the suppression of large contributions to 
electroweak precision observables [7j, such as the Peskin-Takeuchi S", T parameters. However, 
the mixing between zero modes of the 5D theory and their Kaluza-Klein (KK) excitations 
- after 4D reduction - may still cause signiflcant new physics (NP) contributions to SM 
suppressed flavor changing neutral current (FCNC) processes. 

In the most general case, without imposing any additional flavor symmetry and assuming 
anarchical 5D Yukawa couplings, new physics contributions can already be generated at 
tree level through a KK gauge boson exchange. Even if a RS-GIM suppression mechanism 
[H [9] is at work, stringent constraints on the KK scale come from the — oscillation 
parameter ex and the radiative decays b — j- s{d)'j [IHIIIS], the direct CP violation parameter 
e' /ex [IS], and especially the neutron electric dipole moment [lUj, where a KK mass of 0(3 
TeV) gives rise to a NP contribution which is roughly forty times larger than the current 
experimental bound - a CP problem in itself, referred to as little CP problem. The bounds 
become increasingly stringent by IR localizing the Higgs fleld. 

Conclusions may differ if a flavor pattern of the Yukawa couplings is assumed to hold in 
the 5D theory due to bulk flavor symmetries. They typically imply an increased alignment 
between the 4D fermion mass matrix and the Yukawa and gauge couplings, thus suppressing 
the amount of flavor violation induced by the interactions with KK states. One example that 
removes or suppresses all tree level contributions is the generalization to 5D of minimal flavor 
violation in the quark sector [11] and in the lepton sector [121 113]. Iii these settings, the bulk 
mass matrices are aligned with the 5D Yukawa matrices as a result of a bulk [[/(3)]^ flavor 
symmetry that is broken in a controlled manner. In [H] a shining mechanism is proposed, 
where the suppression of flavor violation in the effective 4D theory on the IR brane is obtained 
by conflning the sources of flavor violation to the UV brane, and communicating its effects 
through gauge bosons of the gauged bulk flavor symmetry. 

In our case, the most relevant consequence of imposing an A4 flavor symmetry is the degen- 
eracy of the left-handed fermion bulk proflles fq, i.e. diag^fq-^^q^^Q^) = fq x 1. In addition, 
the distribution of phases, CKM and Major ana-like, in the mixing matrices might induce 
zeros in the imaginary components of the Wilson coefficients contributing to CP violating 
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quantities. In [T] we already observed a few consequences of the A4 flavor symmetry. First, 
the new physics contribution to ex coming from a KK gluon exchange at tree level vanishes 
[T] , thus relaxing the most stringent bound on the KK scale induced by ex in flavor anarchic 
models [T^. This leaves b — )• s{d)'~^, e'/ex, the neutron EDM and Higgs mediated FCNCs as 
possible candidates to produce the most stringent lower bounds on the KK scale. In addi- 
tion, a milder lower bound from the EDM and e'/ex should be expected in our model due 
to the vanishing of down-type dipole contributions in the naive spurion analysis and mass 
insertion approximation. It should also be interesting to compare this pattern to the case 
of larger realizations of the flavor symmetry, like T' [17j, usually associated with a rather 
richer flavon sector. 

In this paper we analyze the above processes, b — )■ s{d)'y, e'/ex, the neutron EDM and Higgs 
mediated FCNC (HMFCNC) processes [HI [19], in the context of RS-A4. Differently from 
flavor anarchy, it is particularly relevant in this case to properly describe the flavor pattern 
of Yukawa interactions and the mixing among generations. For this reason, we predict all 
quantities at various levels of approximation, starting with the generalization of the spurion 
analysis in the mass insertion approximation to include bulk effects parameterized by overlap 
factors. The latter quantities measure the deviation from the case of a IR localized Higgs. We 
then proceed beyond the mass insertion approximation, for each generation separately: this 
means that KK mass eigenstates for each separate generation are obtained by disregarding 
generational mixing, while the latter is approximately described by the flavor structure of 
the spurion analysis. Finally, we compare with the exact three-generation case, where all 
contributions are obtained in terms of the KK mass eigenstates, after the complete mass 
matrix for the zero modes and KK modes is diagonalized numerically, or by means of an 
approximate analytical procedure. 

The paper is organized as follows. In Sec. [2] we recall the important components of the 
RS-A4 model proposed in [Ij, focusing on the Yukawa sector of the theory. In Sec. [s] we 
derive new physics contributions to the Wilson coefficients of magnetic and chromo-magnetic 
dipole operators, relevant for the estimate of the neutron EDM, 6 — )■ 57 and Re{e'/ex)- In 
particular, we describe the various degrees of approximation, in which the KK mixing within 
each generation and the mixing among generations can be incorporated. The analysis is then 
performed separately for each observable in Sec. [5] and predictions are studied by varying 
the model input parameters. Sec. |6] describes Higgs mediated FCNC processes. We conclude 
in Sec. [7j A few appendices are included. The overlap factors are defined and computed in 
Appendix |Aj Appendix |B] contains details of the diagonalization of the KK mass matrices 
in the one-generation approximation and for three-generations. 

2 Quark sector of the A4 warped model 

We start by reviewing some useful results and definitions for the quark sector in RS-A4. 
In this model P we adopt a custodial RS setup without an additional Plr symmetry [21j. 
We then assign the three generations of left-handed fermion weak doublets to triplets of the 
discrete non-abelian flavor symmetry, A4. The right-handed charged fermions are assigned 
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to the 3 distinct one-dimensional representations of A4. The SSB pattern A4 — )■ nothing 
is driven by the VEVs of two flavons $ and which are assigned to be triplets of A4 
peaked towards the IR and UV branes, respectively, and it is responsible for the generation 
of fermion masses and mixings in good agreement with the experimental results |2Uj . 



2.1 The 4D Yukawa Lagrangian 

Since the Higgs field and the A4 flavons $ and x live in the bulk, it will be instructive to 
generalize [15] and write the 4D Yukawa lagrangian in terms of overlap correction factors 
r's, which quantify the deviation from the IR localized case. All overlap factors, defined as 
the ratio between the bulk wave function overlaps and the approximate coupling on the IR 
brane, are derived in Appendix [K\ 

The leading order (LO) 4D Yukawa lagrangian, generated by the LO 5D and A4-invariant 
Yukawa lagrangian in pQ, and including all the effective interactions in the KK tower, car- 
ries similar structure in the up- and down-quark sector. In particular, the leading order 
interactions with the neutral Higgs can be written as follows 

+ E„ V'S /g^C'i r^n-+ (CQ, , Cd^ , /3) + En ^2 ^u, ,d, fuld, ^nO^ i^Q. ^ ^u, ,dj ^ ^) 
+ En,m ^Q^^u, 4, ""n^ (^Q. ' ,d, , + E„,m ^q7 i^u'd.V^n-m- (^Q. , % 4j . 



where /io*4D) couples to the down (up) sector, corresponding to the first (second) label in Cg^,g^, 



and fQi,Ui,d, = V2k/xoQ, ^, ^ , with xqq, „, a- the canonically normalized zero mode profile of 
the corresponding fermion at the IR brane - see Appendix |Xj With the same convention, all 
KK wave functions on the IR brane are approximately equal to \/2k. The ^p^s denote the 
4D wave functions of the fermion fields in the KK tower. The boundary condition (BC) for 
each KK mode is also specified. Unless stated otherwise, the BC are of the type (-I--I-) on the 

UV and IR brane, respectively. A single (— ) in the overlap subscript stands for ( ), and 

all other BC are fully specified. In the custodial case, each fermion zero mode, with (++) 

boundary conditions, is accompanied by three first level KK modes, with (++), ( ) and 

(H — ) (or ( — h)) boundary conditions. The quantities are the overlap correction factors 
for the states n and m calculated in appendix |Aj They are functions of the left-handed 
(LH) fermion bulk mass parameters cq-, the right-handed (RH) ones c^-^u. and the scalar 
bulk mass parameter (3 (see appendix |A]). The Higgs field transforms as a bidoublet under 
SU{2)l X SU{2)ji, but contains only two degrees of freedom, and h+ 

n={H H) = (^l^ M h,{x,y) = VH{PH,y) + Y.ht\^)Uy)- (2) 
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The profile of tlie Higgs VEV along the fifth dimension (see also p2]) is 

vh = /7oe(2+^«)^-(l^l--^) , (3) 

with I3h = a/4 + and the bulk mass of the 5D Higgs field in units of the AdS^ 
curvature scale k ^ Mpi. As in [T], we assume (3h — 2, which yields -f^o — 0.39Mp;^, for 
kirR ~ 34.8 and matching with the measured W boson mass. In addition, the profile of the 
physical higgs h^\y) is almost identical to the VEV profile for rrih << Mkk- The VEV 
profile for the A4 fiavon $, peaked towards the IR brane, is of similar structure to the one of 
the Higgs, with ~ 2 and $0 ~ 0.577Mpf . The VEV profile of the UV peaked A4 fiavon, 
Xi will only enter through the subdominant Yukawa interactions and is approximately 



V 



X 



with ~ 2 and Xo — 0.155Mp'^^. The leading order 5D and A4-invariant Yukawa lagrangian 
in [T], consisting of operators of the form {yu^^d,,ejMli)QL{LL)(^HuRXdR,,(iR,), was shown to 
induce the same pattern of masses and mixings in the up, down and charged lepton sectors. 
After spontaneous symmetry breaking of A4, by the VEVs of the $ triplet, the leading order 
4D Yukawa matrices in these sectors take the form 




n„AD ^knR I yu,d,e VcjS,/! Utfi^r \ AD „knR 



[Yij )lo = z — I yu,d,e ujyc,s,i, uj yt,b,T \ = — (l/i/ )lo, (5) 

(^'^yc,s,fM ^yt,b,T 



where yu4,e are the dimensionless 5D Yukawa couplings and oj = e^'^^l'^ . The parame- 
ter denotes the 4D VEV of $ in the IR localized case, and it is given by $0 — 
^AD^k-rrR^ up to exponentially suppressed contributions - see Appendix A for its 
exact expression. Notice that, differently from the flavor anarchic case, the overlap factors in 
Eq. ([1]) are now functions of the VEV profiles of all scalar fields, H and $ at leading order, 
with (3 = I3h + (3^. The other crucial ingredient of the RS-A4 model is the degeneracy of the 
LH fermion bulk mass parameters, since the corresponding fermions are unified in triplets 
of A4; consequently /g^ = fq and Xoq. = Xoq in Eq. Q. 

The Yukawa texture in Eq. ([s]) was shown [1] to induce the same left-diagonalization matrix 

I ^ M 

F-''^'- = U{uj) = ^ 1 u; (6) 
^3 \^ 1 a;2 ^ j 

for all charged fermions and in particular for the zero modes, identified with the SM fermion 
content. At leading order, the right diagonalization matrix for all charged fermions is simply 
the identity. This pattern of the diagonalization matrices, independent of the leading order 
5D Yukawa couplings, will be shown not to induce any of the flavor violating interactions 
we wish to inspect. 

The deviation from unity of the CKM matrix, and thus quark mixing, is induced by cross- 
talk effects [5j in RS-A4 [Tj . They mediate between the IR and UV branes and between the 
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SSB patterns of the neutrino and quark sectors, in the form of higher dimensional operators 

,u'j^,u'l^,dR,d'j^,d'^) and breaking completely the A4 flavor symmetry. 
Each of these operators turned out to yield two independent contributions to the up- and 
down-quark mass matrices, for which we label the dimensionless 5D coefficients as x"''^ and 
y"'*^. Since the leading order diagonalization matrices are independent of the corresponding 
Yukawa couplings, the perturbed diagonalization matrices are governed by a;"'*^, y^''^ only. 
Although we need a specific assignment of these parameters to match the CKM matrix while 
maintaining the magnitude of all parameters naturally of order one, we will explore the full 
parameter space of the model to account for the largest possible contributions of new physics 
to FCNC processes. They will provide the most stringent constraints on the KK mass scale 
in the RS-A4 setup. The 4D Yukawa matrix induced by the above higher order effects can 
thus be parameterized as follows 

(~u,d ~u,d ~u,d \ 
Xi X2 ^3 \ n AD AD 2k7rR 
= {yij)NLO- (7) 

~u,d ~u,d ~u,d I 
Vl 1/2 Vs / 

This time the VEV profile of the UV peaked fiavon field x will also enter all the corresponding 
overlap correction factors, leading to the NLO 4D lagrangian analogous to Eq. g, with 
overlaps as defined in appendix|Aj The modified left- and right-diagonalization matrices 
for the up and down mass matrix have a simple structure, up to and including linear terms 
in x"''^, y^'"^ and working in the zero mode approximation (ZMA)[T]. The left-handed matrix 
is given by 

V -ms^ir + my] -frmr + ^'mr] 

with q = u,d and /^^ = 4C^/(12 - - c^J, with = Xo/k^^^ ^ 0.155 and co = e^^^/l In 
[1], we assigned the degenerate left-handed bulk parameter = 0.4, and the right-handed 
parameters c„ = 0.78, q = 0.76, = 0.683, Cc = 0.606, Cb = 0.557 and q = —0.17, to 
yield the physical running quark masses at the KK scale of 1.8 TeV and satisfy the stringent 
constraints coming from ZbibL. The CKM matrix elements to first order in /^^'(x"''^, ^"''^) 
are easily obtained from Vckm = (VLV^Ly leading to 

Vus = -V:, ^ {{xi + y',)f^ - (x^ + y-)Jl) , (9) 

Vet = -V* {{xi + ujyDf^ - {xl + uyDf^) , (10) 

Vu, = -V;, ^ {{xt + y',)f^ - {xl + r,)fl,) . (11) 

An almost realistic CKM matrix can be obtained with minimal deviations from the univer- 
sality assumption that all magnitudes of x^'*^, y^''^ are of C(l); in particular 

= yu ^ _~d^ ^ _~d ^ ^is^ ^ x^ ~ 0.67-0. 19i, y^~ 0.59 - 0.23i. (12) 
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Considering the global fit of the parameters of the Wolfenstein parametrization 
obtain real Vus and consequently real Vcd with the choices 62 = 0, vr. All other x^''^, y^''^ 
parameters are simply set to unity, as explained in pQ. The CKM matrix obtained by this 
choice has |14s| = \Vcd\ = 0.2257, = IV"*,! = 0.0415, iKbl = \Vtd\ = 0.00359 and Vu = 1. 
The phase of Vub is matched by the same assignments to its experimental value, 6 ~ 1.2, 
while the other off-diagonal elements are real. This provides an almost realistic CKM matrix. 
The main deviation from the global fit [20] amounts to the difference in magnitude of Vub 
and Vfd- In addition, one still has to account for the C'(A^j^^j) deviations from unity of the 
diagonal elements and match the phases of the CKM elements to the 9 constraints implied 
by the Jarlskog invariant. All deviations have to come from higher order corrections in the 
RS-A4 model, rendering the corresponding parameter assignments less appealing. 
The right diagonalization matrices do not enter the CKM matrix, however, they are crucial 
in the evaluation of the Wilson coefficients contributing to the FCNC processes we are 
interested in. To first order in f^'{S:^''^,yi''^) one obtains 

/I A? An 

V^= -{Air 1 aH , (13) 
\-{Aiy -{AIY 1 J 

where q = u,d and the A^ are given by: 

^? = ^ [/r {(s^tr + ^"(ytr) + fic' (^2 + m , (14) 
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AH ^ [/r ii^ir + ^ivlT) + /r (^3 + vD] , (15) 

TD 

= — [fT ii^ir + ^(ylT) + fx i^l + ^yl)] ■ (16) 



The suppression by quark mass ratios of the off-diagonal elements in V^''^ will turn out to 
play an important role in relaxing the flavor violation bounds on the KK mass scale, as 
compared to flavor anarchic frameworks. 



2.2 Parameter counting and physical phases 

In order to estimate the new physics contributions associated with the imaginary parts of 
amplitudes, we need to know how many real and imaginary physical parameters are in our 
model. We start with the 6 leading order Yukawa couplings y^. and the 12 xf and yf couplings 
of the cross-talk operators, Ql^xH{ur, u'^, u'^, dfi, d'j^, d'^). Besides the Yukawas, we have 6 
real and 3 imaginary parameters in the spurious F^^d = diag(f~^^,), and 1 real parameter 
Fq = /q^I. Hence, in total, we have 31 real and 24 imaginary parameters in the most 
general case. 

We now consider the flavor symmetry breaking pattern before the SSB of A4, U{3)q x 
U{3)u X U{3)d — A4, induced by the leading order Yukawa lagrangian and the cross-talk 
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operators in charge of quark mixing. We realize that we can ehminate 17 phases - the baryon 
number should still be conserved - and 6 real parameters. This leaves us with 25 physical 
real parameters, that is the 12 mixing angles in V^'^, 6 quark masses and the 7 eigenvalues 
of Fq^u d. In the imaginary sector, we are left with 7 phases, 4 of which are CKM-like phases, 
one in each of the V^'^ matrices, while the other 3 are Majorana-like phases which can be 
rotated between the left and right diagonalization matrices of both the up and down sectors. 
We should take these phases into account when evaluating the imaginary parts of amplitudes 
and we will do so by parametrizing the phase of each element of V^'r terms of phases of 
the parameters x"'*^ and y"''^, which govern the structure of the diagonalization matrices. 

3 Dipole Operators and helicity flipping FCNCs 

FCNC processes are known to provide among the stringest constraints for physics beyond the 
standard model. This is also the case for flavor anarchic models in warped extra dimensions 
Pm [THl \W\ . In the quark sector, significant bounds on the KK mass scale may typically 
come from the neutron electric dipole moment (EDM), the CP violation parameters ex and 
Re^e'/ex), and radiative B decays such as b ^ s'j. All these processes are mediated by 
effective dipole operators. It is also well known [23] that SM interactions only induce, to 
leading order, the dipole operators Or^ and Osg 

077(85) = d],a>^''diF^,{G^,), (17) 

where F^j^ and G^^i, are the field strength of the electromagnetic and chromomagnetic in- 
teractions and i,j are fiavor indices. For i > j, as hRa^^ F^^s, the SM contribution to the 
Wilson coefficients of the opposite chirality operators is suppressed by the correspond- 

ing quark mass ratio, and thus negligible. This might turn out to be a unique feature of the 
SM not shared by NP contributions. It is therefore instructive to study new physics contri- 
butions of any fiavor model to the operators O-j^^^g and to the opposite chirality operators, 
Oy^gg, and compare with experimental results. In the following we show that, differently 
from fiavor anarchic models, the RS-A4 model shares the SM features, with no enhancement 
of the opposite chirality operators. 

3.1 Flavor structure of Dipole operators 

The new physics contributions to the FCNC processes we are interested in are generated at 
one-loop by the Yukawa interactions between SM fermions and their KK excitations, leading 
to the diagrams shown in Fig. [l] and Fig. |2} To obtain the fiavor structure for the Wilson 
coefficients of the corresponding dipole operators we first recall the spurion analysis in the 
mass insertion approximation of [10], corresponding to the IR localized Higgs case. The 
contributions associated with internal KK down quarks in the special interaction basi^ can 

^The basis in which FQ ^^d are real and diagonal is referred to as the special interaction basis in |10j and 
the rest of this paper. 
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Figure 1: One-loop down- type (neutral Higgs) 
contribution to 6 — )■ 57, e'/ei^ and the neutron 
EDM (for external d quarks). The analogous 
one-loop up-type contribution (charged Higgs) 
contains internal up-type KK modes. 



dL,SL:bL 




Figure 2: Charged Higgs one-loop contribu- 
tion to 6 — )■ S7 and the neutron EDM. The 
latter has external d quarks. 



be written as 

where v = vjf = 174 GeV denotes the Higgs VEV, Yd the 5D Yukawa matrices and the 
fermion profile matrices are FQ^u,d = diag(fQ^^, d ) ^ appendix Aj Finally, the factor 

A^^ = 1/ (GAtt'^Mkk) comes from the one-loop integral for the diagram in Fig. 1 ' and the 
factor v/Mkk comes from the mass insertion approximation. The contributions associated 
with internal up-type KK quarks (and a charged Higgs) in Fig. [l] will analogously be given 
by: 

written again in the special interaction basis. The neutron EDM and b ^ s'j receive an 
additional up-type contribution from the diagram in Fig. 2| which carries the same flavor 
(and overlap) structure of the up-type diagram in Fig. [T and a one-loop amplitude that 
differs by a sign to a very good approximation!^ Hence, the total up-type contribution is 
obtained by replacing A^^ with 

(i-) = ^-Q„ + K^Q,_ = + 1) = l^J^, (20) 

where Qu and Qh- are the electric charges of an up-type quark and the negatively charged 
Higgs, respectively. 

Thus far we have not considered the modifications of the above spurion structures due to 
the overlap of internal KK quarks, external fermion zero modes, and bulk scalar fields $, x 
and Higgs field, encoded in the various r„m factors in Eq. ([T]). Since the bulk nature of all 



•^Notice that we assumed degenerate KK masses with common mass Mkk and the resuh is vahd in the 
hmit niH <C Mkk- We also disregard subdominant W/Z mediated diagrams. 

^Neglected contributions are suppressed by mass ratios nidi/MKK, see [15] for a derivation of those terms. 
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5D fields is an essential feature of our model, the effect of all overlaps should be taken into 



account. In the following section we derive the analogous of Eqs. (18) and (19), corrected 
by the overlap factors in our model. Subsequently, we show that conservatively reducing the 
overlap corrections to an overall multiplicative factor will suffice for a conservative estimate of 
most of the flavor violation bounds on the KK scale in our model, and it will be instructive for 
the comparison with other flavor scenarios and in particular warped flavor anarchic models. 

3.2 The spurion-overlap approximation 

Observing the Yukawa Lagrangian of Eq. ([T]), we realize that the spurion analysis in the 
mass insertion approximation can only directly account for the interactions (and related 
overlaps) associated with (++) KK modes or a combination of ( — h) and (++) KK modes 



However, since the first KK 
they almost maximally mix. 



as internal states in the Feynman diagrams of Figs. [T] and [2 
masses of each fermion are nearly degenerate (see appendix [B 
Therefore, we expect that the contributions of the three distinct KK modes of each given 
fermion, can be estimated to a good approximation by only considering the modes directly 
entering the spurion analysis. The corresponding overlap correction factors now enter in the 



spurion structures of Eqs. (18) and (19) to yield in the special interaction basis 

{Cy ""){++) oc FQYd,uroi{cQ^, Cd,^,u,^,(3) ^i,„rii(cd,^,„,^, cq,^, /3) Fd,drio(cQ,^,Q^,rfjFrf , 

(<^7'")(-+) ^ FQY^^droi-+{cQ^,Cu,^A,^ , (3) Ylari-+^{cu,^^d,^ , cq,^, /3) Yd,drio{cQ^^,Cd^4^, f3)Fd , 

(21) 

where (3 = (3h + (3<s, and ii, i and j are flavor indices. Notice that we have omitted the 
flavor independent prefactor vA"^^ /Mkk to ease the notation. From Eq. ([l]) and Fig. [l| it is 
clear that the 4D Yukawa matrices Y carry the same flavor indices as the adjacent overlap 
correction factors. Notice also that the c^ ^d^ dependence of the ( — h) overlaps is opposite to 
the one of the (++) ones. This is not surprising since they arise from the Yukawa interactions 
with Ui and dj, the first (and higher) level KK excitations of the SU{2)ji partners of dJl^ and 
ur^, respectively. 

In this context it is important to mention the work of [16], based on the method developed 
in [15], which involves the direct diagonalization of the zero modes and first KK modes mass 
matrix; the latter is a 4 x 4 matrix for a single generation in our case, and it reduces to a 3 x 3 
matrix when no custodial symmetry is imposed. The interesting result in flavor anarchic 
models for the one generation case, and to a good approximation for the three generation 
case, is that the most dominant contributions, in terms of the perturbative parameter x = 

vY/Mkk with generic Yukawa F, solely arise from the ( ) modes. Namely, the dominant 

contribution turns out to be proportional to the overlap structure roiri-i-rio, and it is not 
accounted for in the naive spurion analysis. This shows the limits of the spurion analysis in 
the mass insertion approximation and the need to a priori account for the mixing between 
all KK modes of the same generation, in addition to their intergenerational mixing. This is 
especially important in the RS-A4 setup, where custodial symmetry also induces an extra 
degree of freedom for each "RH" 5D fermion. 
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Nevertheless, because of the relative smallness of ri-i~ compared to rn and rii-+ in our setup 
(see appendix A.l ), the accuracy of the spurion-overlap approximation is still satisfactory for 
the purpose of imposing constraints on the KK mass scale and the physical Higgs mass, as 
long as the corresponding contribution turns out to be non vanishing in this approximation. 
If vanishing - as it is true for the down type contribution to the neutron EDM [T] - one has 
to fully account for the flavor structure and mixing of all zero modes and first KK modes in 
order to provide an estimate of the dominant contributions. This is done in section |4} 



3.3 Explicit structure of dipole contributions in the spurion-overlap 
approximation 

In this section we analyze in more detail the most general flavor structure of up- and down- 
type contributions to dipole operators and study the simplifications induced by the RS-A4 
setup. We limit the analysis to the first level n = 1 KK states, since n = 2 states will give 
rise to C(25%) effects and for n = 3 and higher the theory is strongly coupled and cannot be 
treated perturbatively [ID]. Inverting the relation {mu,d)ij = '^^ fQ^^ij''^ fu^d ^oo{f3cQi, Cuj,d^) 



and rotating the mass matrix (see also Appendix |A|), we express the Yukawa couplings in 
terms of the diagonal physical mass matrices 



1 



roo (cQaCu.id,), P) (Fq V2'^'^^diag(m„,c,t(d,s,fe))V'i^^''^"^i^, 



u{d)] ■ 



u{d) 



(22) 



Promoting the overlap corrections to matrices f in flavor space, the down-type contributions 
to the dipole amplitude rotated to the ZMA mass basis can be written as 



l*-^ 77(89) )ii 



A 



IL 



v^Mkk l 



(23) 



with an implicit sum over all allowed first level KK modes, and where {rnm)ij — ''^nm{cQ., 4 , (3). 
In the above equation flavor indices are written explicitly, in order to clarify the exact flavor 
structure of the overlap matrices. Analogously, we obtain the up-type contributions to dipole 
operators 

Ail 



( f^u—type 



77(89) 



KK L 



(^L)k^On)«.(^oo)«; {V}^diag{m^,,,){y-)^d\^gUlc,t)),,, 



X {f-lj£2i. (ro"o)7i (y^diag{m^,,,)V^^diagUl, 
x(^oo)74 (V^Ldm^7(m,,,,,)(V«^)t)^^^^ {Vli),^j 



(24) 



Notice that the IR localized Higgs case can be obtained by simply setting all overlap matrices 
in Eqs. (23) and (24) to be proportional to the identity matrix. The above equations are 
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valid for generic textures of the Yukawa couplings and patterns of the bulk profiles CQ^^mA, 



rendering the spurion-overlap formulae in Eqs. (23) and (24) directly applicable to generic 
flavor scenarios. 

In the RS-A4 framework, a simplification comes from the degeneracy of left-handed bulk 
mass parameters, thus Fq = diag^fn^) = fn^ ■ 1. For the same reason the overlap correction 



matrices of Eqs. (23) and (p4|) simplify 



""oo.io.oi 

^01- 



diag{roo^iofli{Cg,Cu„d,,l3)) f'lf = diag{ru{cu,,d,,c^, P)) 



diag{roi- 



1-+1 



diag{ri-+i{cd,,u,,c^,l3)) 



(25) 



The resulting structure of the down-type contributions in the mass basis follows straightfor- 
wardly 



(j^d-type\ 



mdA'^-fti 



KK 



"00) 



-^V^diag{mU 



d] 



R 



00) 



^Ifd yd 
'10 ^R 



(26) 



1 ~u,d~u,d 

where Tq^ r^^ 



roi r 



11 



+ f, 



u,d 
01— 



-uA 



^ and all overlap matrices are diagonal. Similarly, we 



obtain the up-type contributions to dipole operators in the mass basis 



(f~iu-type\ 
l'^77(8g) ^i 



v'^Mkk 

X diag{mu,c,t)VcKM diag{'md,s,b)V^ {tq^) 



'Ifd yd 
^10 ^R 



J IJ 



(27) 



Since all overlap corrections are real and enter through diagonal matrices, the resulting mod- 
ifications to the IR localized Higgs case are limited, in particular their effect on the imaginary 
parts relevant for CP violating processes. Qualitatively, this result can be understood from 
the fact that the new (real valued) overlap correction matrices appear always together with 
the diagonal /'s, with patterns V^'^rifir2f2r3V^'^. Given the structure of V^^^ (see Eqs. (sj) 
and (13)), it can be shown that the presence of the r's will have no effect on the cancellation 
of imaginary parts of diagonal dipole operators to 0{f^^''^^x^''^, f^*''^^y^''^). At the following 
order, 0((/^"'^')^), the cancellation pattern of imaginary parts of the diagonal elements of 
C"'"^ in the IR localized Higgs case will be modified by terms that are suppressed by linear 
or quadratic quark mass ratios, coming from V^''' and proportional to differences between 
overlap correction factors. We will provide an explicit example in the case of the neutron 
EDM. 



As shown in appendix |A.1[ the generational flavor dependence of the overlap factors is any- 
way very small and the largest difference of (9(5%) is associated with t^j and its SU{2)pi 
partner b. In addition, as will be shown explicitly below, most of the dominant contributions 
will be proportional to the first generation "inverted" zero mode profiles /^^^ oc (Xo''^)~^; due 
to the large hierarchy of quark masses. In general, the modifications induced by the slight 
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generational dependence of overlap effects are thus expected to be less significant (numeri- 
cally) than the ones arising from second order corrections, 0((/^"'^')^)) the NLO Yukawa 
matrices, with ^ 0.05. For this reason, and barring zeros of the amplitudes, one should 
expect to obtain a fairly conservative estimate of the contributions to the neutron EDM, 
e'/e and b — )■ 57, by parametrizing the effect of the overlap corrections by an overall multi- 
plicative factor for the up- and down-type contributions to the dipole operators. Defining 
the overall factor Bp'^ as the maximum for each element of the overlap correction matrices 

5p' = max [[rQ^ ) (rgi + r^[,+r{_+^) r^^ j , (28) 

the down-type contributions reduce to 



KZ)^^ = ^ 7m [^«'dza,(4,,,,,3)F^^dza,(m.,,)l^f dm,(/|^,Q,,Q3)V^/ 



LKK 

\lLf2^ ^2 ud 3 



= 'J ' j:iV^UV^Ufl, (29) 

V Mkk 

n=l 

while the contributions associated with internal up-type KK quarks have a slightly more 
complicated structure 



' V'^i^Afd««fi'("^",c,t)^i? d«a5((/„jV^d«a5((m„,c,i)V'ci^M • (30) 



KK 



actions in Eq. (jSj), we have V^''^ = U{cu) and V^''^ = 1. Hence, both up- and down-type 
NP contributions to C^ij reduce to real diagonal matrices and generate no corrections to the 
processes we are interested in, as already anticipated in yj. This situation typically changes 
when we also consider the NLO Yukawa interactions in Eq. ([T]) and the corresponding diag- 



It is evident from Eqs. (29) and (30) that, if we restrict ourselves to the LO Yukawa inter- 



ruA 



onalization matrices in Eqs. ([8j) and (13). As we said, small additional corrections can also 
be induced at leading order by the slight generational non degeneracy of overlap factors. In 
principle, both sources have to be taken into account when estimating deviations from zero 
of the NP contributions. In practice, the latter source is typically suppressed by roughly an 
order of magnitude in comparison with the corrections generatd by NLO Yukawa interac- 



tions. This can also be inferred from Eqs. (26) and (27), where the terms generated by LO 



Yukawa interactions in RS-A4 carry through a systematic cancellation pattern of the form 
1 + u + oj"^ between nearly degenerate quadratic functions of the overlap correction factors, 
which originates from U{u). 

In the flavor anarchic case, a direct diagonalization of the one generation KK mass matrix, 
augmented with generational mixing factors derived in the mass insertion approximation, 
yields reliable predictions due to the lack of structure of the Yukawa couplings and the bulk 
mass parameters, as shown in [15]. On the other hand, when considering flavor symmetries 
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we particularly care for the three-generation structure. To go beyond the mass insertion 
approximation and the one-generation case requires diagonalizing a 9 x 9 mass matrix in the 
non custodial setup and a 12 x 12 mass matrix in the custodial one, leaving limited space 
for a fully analytical description. For this reason the spurion-overlap analysis remains an 
appealing tool for understanding the cancellation mechanisms induced by a particular flavor 
pattern, as is the case when a discrete flavor symmetry such as A4 is imposed. 

4 Beyond the mass insertion approximation 

To go beyond the mass insertion approximation and account for the complete generational 
mixing requires the direct diagonalization of the full 12 x 12 KK mass matrix in the custodial 
case. The mass matrix can be perturbatively diagonalized to first order in the parameter 
X = vY/MxK, which measures the relative strength of Yukawa interactions with the Higgs 
compared to the masses of the first level KK modes. A lower level of approximation is 
obtained by disregarding the mixing among generations and work with one-generation mass 
matrices. This was done in [15] and [16] for the flavor anarchic non-custodial case. Already 
at this level, the diagonalization of the one-generation mass matrix enables one to account for 
the contribution of the ( ) KK modes to the dipole operators, not realized in the spurion- 
overlap analysis within the mass insertion approximation. In addition, it was numerically 
verified [15] that within the flavor anarchic non-custodial framework of [TD] the difference 
between the results in the one-generation and the three-generation case is rather mild. This 
is expected, and stems from the fact that all Yukawa couplings are 0{1) and no pattern is 
present in the phases of these couplings. Consequently, the structure of each diagonal and 
off-diagonal block in the full 9x9 mass matrix is identical up to the profiles /g,n,d's and the 
slight variation of the overlap corrections over the three generations. The texture of Yukawa 
couplings and bulk profiles in RS-A4 induces different patterns of the results and gives more 
significance to the comparison between the one-generation and three-generation analysis. 

4.1 Direct diagonalization of the one-generation mass matrix 

The study described in this section is also instructive for flavor anarchic models with custodial 
symmetry, which contain a separate SU{2)ji doublet for each 5D fermion with a RH zero 
mode. This case was not considered in [TUl [ISl US]- The LO mass matrix for the first 
generation in the down-type sector, including the zero modes and first level KK modes, is of 
the form 




T 



( \ 



( VdfQ^fd^rooX 





1 



1 



\ 



ydTiix 





yuTuiX 

1 



(31) 
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where we factorized a common KK mass scale Mkk, yu,d = (^lo )ii — '^yu,dv'^e^'^^ /k and 
the perturbative expansion parameter is defined as x = v/M^k- In the above equation 
rill = Tioi = ''^01-+) ^22 = ''^i-i-j ''^222 = 1^1-1+- and the notation for the rest of 

the overlaps is the same as in Eq. ([T]). The c dependence of the overlap corrections was 
suppressed to ease the notation and can be inferred from the labelling of the rows and 
columns. Since the overlaps vary little among generations, the structure of the mass matrix 
will be almost identical for all three generations of the up and down sectors, up to the zero 
mode profiles denoted by the fq^u,d and the Yukawa couplings, iju^d- Notice that the NLO 
Yukawa interactions are suppressed by /^"'^' compared to the LO contributions, rendering 
them to be approximately numerically and thus in principle safe to neglect when 

working to 0{x). In order to include NLO Yukawa interactions in the above matrix one 
should simply replace yu,d — ^ yu,d + /^''^(^"''^ + y"'^) yu,d, following Eqs. (5) and (7), and 
analogously for the other matrices. Despite their relative smallness, it is stm important to 
study the generational modifications associated with NLO Yukawa interactions, which are 
essential for matching the quark mixing data in the ZMA. 

Notice that the anarchic case is simply obtained from Eq. (31) by setting yu,d = Y for all 
generations, where y is a 0{1) Yukawa coupling which can be absorbed in x. In RS-A4, when 
considering the mass matrices for the second and third generation, we encounter additional 
CO factors coming from the LO Yukawa matrix of Eq. ([s]). In addition, the approximation of 
degenerate KK masses will turn out to be fair only for two out of the three KK masses in 
Eq. (31), given the bulk mass assignments of the RS-A4 setup. In appendix B.l we perform 
the diagonalization of each of the one-generation mass matrices for the up and down sectors 
to first order in x, before proceeding to the approximate analytical diagonalization of the 



full 12 X 12 up and down mass matrices in appendix B.3 

The 4x4 one-generation diagonalization matrices, O^"' '''^^ and Q^^'^'^''^'^'^^'^'^ ^ are de- 
fined as follows 

r Q(Ui,di)Kx\-\ -^^KK /0i'U.i,di)fcfc\ jyj^^diag (32) 

Once the above diagonalization matrices are obtained, the ground is set for the estimation of 
physical couplings between light and heavy modes in the fiavor anarchic custodial case. This 
is done by simply transforming the charged and neutral Higgs Yukawa interaction matrices 
to the mass basis using Q^^^^^^'^'^ ^ while the generational mixing factors can be estimated in 
the mass insertion approximation, as also done in [T5| 116]. 

In the RS-A4 setup we can extract the overlap dependence of the coupling between the 
zero mode and the three first level KK modes of each generation in the same way. Then, 
to account for generational mixing and the underlying fiavor pattern, this information is 
combined with the spurion-overlap analysis in the mass insertion approximation of Eqs. (29) 
and (30), where it provides a redefinition of the overall overlap factors Bp'^. As already 
noticed, the latter approximation of reducing the overlap structure to a common overall 
factor, is justified since the almost degenerate KK modes mix almost maximally and are 
hence well approximated by one representative for each type of BC. The new down-type Bp 
factors for the dipole operators, corresponding to the process in Fig. [TJwith a neutral Higgs, 
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will thus be extracted from 



overlap 



nl 



(33) 



overlap 



where \overiap denotes taking the overlap part of the corresponding expression by assigning all 
Yukawas to one. The indices i,j denote the flavor of the external SM physical zero modes, 
while n runs over the three KK states for the given generation. The components (In), (nl) 
of the Yukawa matrices rotated to the mass basis indicate the coupling between a zero mode 
and the n-th KK mode of the same generation. The new -Bp factors, corresponding to the 
amplitudes in Fig. [l] and Fig. [2] with a charged Higgs, will analogously be extracted from 



/ A \ overlap 



KK 



ln((Oi 



KK 



R 



Inl 



M^f^/MKK 



(34) 



overlap 



Notice that the one- loop factor A in Eqs. (29) and (30) is calculated at the reference KK 
mass MxK — 2.55 {R')~^, while the non-degeneracy of KK states is taken into account by 
the rescaling (M^']^' ^"^^ /Mkk)- It is useful to mention the explicit structure of the down-type 
Yukawa couplings with a neutral Higgs in the interaction basis 



KK 



T 



\ 



4 









ydrn 






yuriii 




V dV' 



(35) 



Similarly, the Yukawa interactions with the charged Higgs h are 



T 



{h-)d 



KK 



I Ql \ ( -yufg^fu^roo -J/«/qVoi -J/d/gVioi \ 

y*ar22 

-ijufu^rio -yuTu -ydnu 

y>222 



dT-' 



and for /i+ they are given by the replacement yu,d —yd,u and fu^ fd,u 

T 



U 



(0) 
R 



(36) 



{h+)d 



U 



L 

(1 — ) 



KK 



I \ ( Vdfq fd roo 



ydfd^rio 




or 





-^^22 



-i/>222 



ydJo I'm yuJo I'lm \ I '^R \ 

d{l—) 





ydT 11 







yuriii 




Q 



R 
d 



(1) 

V dV^ 



(37) 
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The physical Yukawa couphngs between zero modes and KK modes are then obtained by the 
O^'"^ rotations. Once inserted in Eqs. (33) and (34), they provide the new overlap factors Bp"^ 
to be inserted in the spurion-overlap formulae Eqs. (29) and (30), for each dipole operator. 
The results of this analysis - diagonalization of the one-generation mass matrices combined 
with the spurion-overlap procedure - will be considered separately for each proc ess, while 



B.l 



and 



B.2 



the details of the derivation and the Bp'^ factors can be found in appendices 
It is however important to recall that the complete A4 flavor structure in the full 12 x 
up and down mass matrices may still induce deviations from the approximations considered 
till now. Differences may arise from inter- and intra-generational mixing, non-degeneracy of 
KK states and overlaps. All these effects are numerically more significant when involving 
the third generation. On the other hand, the drawback of a fully numerical treatment of 
the 12x12 mass matrix is that it does not allow to easily discriminate among different orders 
in the x-parameter expansion, and it fails to provide insightful information on the flavor 
patterns and cancellation mechanisms of the numerical results. Eventually, such a numerical 
treatment will turn out to induce more sizable contributions to the neutron EDM and less 
significantly so for other processes. This situation illustrates the importance of a full three- 
generation diagonalization and its comparison with approximate analytical estimates when 
a flavor texture is present in the Yukawa matrices. 



4.2 Approximate analytical diagonalization of the 12 x 12 mass 
matrix 

It is clear that a complete description of the contributions to physical processes in the three- 
generation RS-A4 can only be achieved by a direct diagonalization of the full 12 x 12 up 
and down mass matrices, including first level, n = 1, KK modes. Using the 12 x 12 rota- 
tion matrices we can obtain all the couplings between each zero mode and KK modes of all 
generations, thus establishing an a priori more reliable way to describe the flavor patterns of 
A4. However, the size of the matrices, the large number of parameters even in the minimal 
case and the near degeneracy of most of the KK masses, render the diagonalization hard to 
perform analytically. For this reason the three-generation case was considered only numer- 
ically in [15j, for flavor anarchic models. A fully numerical diagonalization of the 12 x 12 
mass matrices in RS-A4 may provide an estimate of contributions possibly missed by other 
approximations, but fails to give us insight on the flavor pattern of the three-generation A4 
case. In addition, since the one-generation 4D mass matrices have been themselves derived 
and diagonalized linearly in the A4 parameters x"''^, y"'*^, the most appropriate diagonaliza- 
tion should always be performed to the same order. Instead, a numerical treatment will 
inevitably include higher order contributions in an a priori uncontrolled way. 
Given all the above reasons, one should still attempt an approximate analytical diagonaliza- 
tion, as described below. We first decompose the 12 x 12 mass matrix of the RS-A4 down 
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sector in terms of the one-generation matrices in Eq. (31) 



Mr 



KK 



M 



KK 



KK^vkl 1 fd) 



rr-Vd 
■^^ KK 



(ysT, fd) 



K kHi 12 1 fs, 

M'^^'/Mkk 

^^KKivk? 1 fs, 



KkHJiFj fb) 



ii'x(^2?5 fb) 



(38) 



/M 



KK 



where the expression in brackets of each off-diagonal element denotes the replacements to 
be made in Eq. (35). The s and b one-generation mass matrices Mf^^ are obtained by 
obvious replacements in Eq. (31). To account for NLO Yukawa interactions, the replacement 
Vif ~^ Vif+Vij^'^ applies. In the above equation, Mkk is the KK mass corresponding to the 
degenerate left-handed bulk mass parameter, c^, and we normalize all matrices accordingly 
while keeping non-degenerate KK modes. The only significant deviations from degeneracy 
lie in the third generation mass matrix due to b, the SU{2)ji partner of . 
Using the 4x4 diagonalization matrices for each generation, we construct the matrices 

to first diagonalize the diagonal entries of M^^^;;- The 



r\DKK 



bKK^ 



main difficulty in achieving the diagonalization of the full mass matrix in Eq. (38) is the 
near degeneracy of 6 out of 9 KK masses which also survives the (0^^^^)^M^„;;0^^^^^ rota- 
tion, rendering non degenerate perturbation theory useless in the corresponding subspace. 
Therefore, the nearly degenerate subspace is first diagonalized non perturbatively to find a 
new basis, in which non-degenerate perturbation theory can be used. Off-diagonal elements 
in the non-degenerate subspaces can obviously be treated in the conventional way. Since this 
task is hard to perform analytically when all parameters are unassigned, we look for some 
symmetry property of the A4_structure in yip^u that might supplement us with a shortcut. 



Given the structure of Eq. (38), we then construct new rotation matrices using V^'^ from 



Eq. (13). The new A4 rotation matrices are thus defined as the direct product 



O 



L,R 



u,d 
L,R 



1 



4x4 ; 



(39) 



where I4X4 = diag{l, 1()*, 1, 1()*) and ()* denotes complex conjugation of t he coefficient 



that multiplies the corresponding element, namely (V^ 



u,d\ 
L,R)ij- 



In appendix 



usmg O^^]^^'*" and O^'^'^ to rotate M^^^, one obtains an approximately diagonalized de- 
generate subspace, which in turn enables to generate the remnant rotation by acting with 
non-degenerate perturbation theory on (O^^'^)'^ {0^'^'^)'^'Wlp,^iiO^'^^ O^''^'^ . The analogous 
procedure is followed in the up sector. More details are collected in appendix B.3 Once the 
diagonalization matrices are obtained, the contribution to the Wilson coefficient of a given 
dipole operator will be a generalization of the one-generation case and can generically be 
written as follows 

,E„((Oi'^'¥^KWOi?^^)(4.-3)n((Of))t^K^Oi,^'^)n{4,-3) 



B.3 



we show that 



a 



d—type \ 
77(89) i 



KK. 



{mP^/Mkk 
for down-type contributions, and 



^u—type \ 



AWMkk)- 



4i-3) n 



(di)^j^>dj ^ 



KK^R Jn{4i-3) 



{mPJMkk) 



(40) 



(41) 
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for up-type contributions. The matrices Oy^'^ diagonalize the 12 x 12 mass matrices. The 
index n runs over the KK modes of the three generations, thus 7^ 1, 5, 9, and the indices 
(42 — 3) and n (4j — 3) select the couphngs of the external zero mode to the internal KK 
states. The one-loop factors are calculated at the reference KK mass M^k — 2.55 {R')~^, 
while the non- degeneracy of KK states is taken into account by the rescaling (M^j^/MxR)- 
However, as expected, the resulting expressions for the physical couplings between zero 
modes and KK modes are long functions of all overlap correction factors and are therefore 
not stated explicitly. Instead, we explore the couplings and the resulting predictions for 
assigned values of the parameters, and compare them with the results of a fully numerical 
diagonalization for varying values of the KK scale, Mkk- This will be done separately for 
each process in section [5j 



5 Numerical Results and Experimental Bounds for Dipole 
Operators 

In this section we analyze FCNC processes in the RS-A4 model, using the approximations 
described in sections [3] and |4| and compare them with a fully numerical analysis based on the 
diagonalization of the 12 x 12 mass matrices for the zero modes and first level KK modes. 
We focus on those processes mediated by dipole operators and known to provide the most 
stringent constraints on new physics contributions, and thus the KK scale, in the context 



of flavor models in warped geometry: these are the neutron EDM in section 5.1, e' /ex in 



section |5.2| and the radiative decay 6 — )■ 57 in section |5.3[ Finally, tree level Higgs mediated 
FCNC contributions are considered in section [6l 



5.1 New physics contributions to the neutron EDM 



The new physics contributions to the neutron EDM are mediated by the dipole operator 
ediiy^^ F^ydpi. In particular, we need to compute the imaginary part of the i = j = 1 
component of the Wilson coefficients defined in Eqs. (29) and (30). They are of dimension 
[mass]~^ and can thus be directly compared to the experimental bound \dn\ < 3 x 10~^^e- cm 



We have already anticipated in [T] that the down-type contribution to the EDM is 
vanishing in RS-A4, due to the fact that disappears from the down-type contributions. 
This conclusion can also be reached by inspecting Eq. (26). This leaves us with the up- 
type contributions encoded in Im[(C7~*^^'^)ii]. In order to isolate the dominant terms in 
Eq. (30), where we approximate the overlap factors with an overall constant, we recall that 



the hierarchy of quark masses is translated into the inverse hierarchy of the right-handed 
profiles fq^, since there is only one left-handed bulk mass parameter. More specifically, 
/„ ~ 4.48 X 10^ fd - 2.25 x 10^ ~ 1.36 x 10^, /, ^ 1.22 x 10^, f, ^ 28.8, ft ~ 1.22 
and Jq ~ 3.14. In addition, we recall that the off-diagonal elements of in Eqs. (14)-(16) 
are suppressed by up-type quark mass ratios. Hence, the most dominant contribution to the 
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neutron EDM from Eq. (30) turns out to be 



11 



Im 



(42) 



where the factor 5/3 comes from the electric charge of an up-type quark and a charged Higgs 



from Eq. (20). The factor F'^j^j^ is obtained from Eq. (30) and given by 



^ EDM 



with 



Vr 



CKMdia'9imu,c,t)V^Uiag{f^jV^diag{mu,c,t)Vc 



E 

k,l=l 



{^CKM)^k{Ru)ke{ycKM)ei 



EDM) 



CRM 



0, 



11 



(43) 



diag{mu,c,t)V^^diag{fl^)V^diag{mu. 



c,t. 



J2m,m,{V^):,{V^Ufl. (44) 



Given that the matrix Ru is hermitian and that in RS-A4 to O^x^'"^, 



^) one has (Vckm) 



1, and {VcKM)ij = —{VcKM)*ji for i ^ j (see Eqs. (|8])-(11)), we conclude that -F^^^j^f 
no imaginary part if we disregard the tiny non-degeneracy of overlap factors by replacing 
them with the overall coefficient Bp. For later convenience we anyway look at what terms 
are dominant in the cancellation pattern; they are proportional to or 

F^DM = /.'K-m„m,Ks(A«)*-m„m,CA^ 

- ifc/fu)mlVusV:, - mum,V:,Ni - m„m*K.(A^)*] . (45) 

The first and fourth terms are real, while the second and third terms and the fifth and sixth 
terms cancel each other's imaginary parts. All other contributions to F]^j-,j^.j are suppressed 
by at least two orders of magnitude, and exhibit the same cancellation pattern of imaginary 
parts. Thus, in order to obtain a conservative estimate of the contribution to the neutron 
EDM in our setup, we must fully account for non degeneracies and possibly go beyond the 
mass insertion approximation. 

It is also important to recall that V^'^ have been determined [T] to linear order in the Yukawa 

parameters x"''^/^''^, y^''^ f'^''^ and that the neglected C((a:^''^/^''^)^, (y"''^/^''^)^) corrections can 
also a priori modify the cancellation pattern of imaginary parts for up- and down-type 
contributions to the neutron EDM. However, a realistic estimate of these corrections would 
require to perform a new matching with the experimentally determined CKM matrix. We 
can still provide a conservative order of magnitude estimate of these effects by evaluating 



the size of a generic term in Eq. (45). In particular, labelling the second (or third) term. 



proportional to the largest CKM element Vus, as AF^^j^.j one obtains 

'5B-pA^^m,f^AF^j,^ 



'-^^ EDM 



Im 



4.1 X 10 



3v^Mkk 



-27 



STeVy , 

— — re- cm, 

Mkk J 



(46) 
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for i?p ~ 1.5 and assuming | ^ \Vus\mu/nic^ with maximal phase for AF^j^j^j. The symbol 
Y denotes the overall scale of the 5D Yukawa couplings, defined as yu,d,c,s,t,b ^ yu,d,c,s,t,b 
with reference values yu4,c,s,b = 1 and yt = 2.8. The predicted contribution is suppressed 
by one order of magnitude compared to the experimental bound, however, an enhancement 
induced by a coherent sum of many higher order terms in x^'"^, y^''^ cannot be excluded at 
this level. Translating the above result into a conservative constraint on the KK mass scale 
yields 

(M|r)r;;>l-l>^TeV^- (47) 
When taking into account the non- degeneracy of the overlap factors in the spurion-overlap 



approximation of Eqs. (26) and (27), the contributions to the EDM are still vanishing to 
0{C^f~^) - corresponding to 0(A) of the Wolfenstein parametrization of the CKM matrix. 
Negligible non vanishing contributions appear in the up sector at O(A^). The most dominant 
non vanishing contribution in the up sector, together with its exact generational dependence 
of the overlap correction factors is as follows 

Fedm = - i4,)-'rM,)-'i4Ai + r{oAn)ftm',V,biAl^r . (48) 

It provides the estimate 

2 



and a lower bound on the KK mass scale Mkk ^ 0.07 F TeV, when comparing with the 
experimental result. 

We can improve upon the previous estimate by directly diagonalizing the mass matrices and 
work with KK mass eigenstates. In the estimates below, the effects of generational mixing, 
non-degeneracy of overlaps and KK states are described to various degrees of approximation. 



We first state the results obtained by the procedure of section 4.1, where we use the diago- 



nalization of the one-generation mass matrices combined with the spurion-overlap analysis to 



account for generational mixing. The contribution from AF^^^^ in Eq. (46) to the neutron 
EDM will be obtained by the replacement Bp — )■ {Bp)^^j^^^'^^\ see appendix B.2). Using 
(5p)^^|)^^"^ ~ 5.2, we obtain: 

{dnfnTJr-^ - 1-42 * 10-^^ e ■ cm , (49) 



which implies the bound M^k ^ 2.1 Y TeV. The modification of the contribution in Eq. (48) 
will be obtained by the same replacement and leads to 



2 



idn&l - 8 X 10-^9 Y-^e-cm, (50) 

implying a weak lower bound on the KK mass scale Mkk ^ 0.15 F TeV, when comparing 
with the experimental result. 
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Secondly, we consider the three-generation case, where the 12 x 12 mass matrices can be 



approximately diagonalized analytically as described in section 4.2 , or they can be diagonal 



ized numerically. In both cases we assign the bulk masses and Yukawa couplings according 



to Eq. (12) and the assignments in Appendix [A| and use the corresponding values of the 
overlap correction factors obtained in Appendix |A.1[ In the numerical case, we perform a 
scan in the KK mass scale Mkk in the range 1 — 10 TeV and Y in the range [0.3,5]. We 
have also verified the stability of the results against modifications of the phases of the NLO 



Yukawa couplings and in particular for the assignments of Eqs. (72), (60) and (77). Notice 
that differences with the previous estimates can be attributed to the presence of higher order 
corrections in the perturbative parameter x (beyond the mass insertion approximation) and 
to the partial, and a priori uncontrolled, contamination of higher order terms in x"'"^, y"'*^. 
The first source can be estimated by performing a scan over the values of x and match the 
dominant linear behavior in the vicinity of x = 0.037. We recall pQ that the latter value cor- 
responds to {R')-^ ~ 1.8 TeV and Mkk ^ 2.55 {R')'^ ~ 4.6 TeV, the value for which RS-A4 
predicts a NP correction to the Zbibi coupling within 67% CL for the bulk parameters in 



Eq. (110). 



To obtain the explicit contributions for each of the processes of interest, we use the 12 x 12 



analogues of Eqs. (33) and (34). The fully numerical diagonalization procedure, and without 



truncation in the x-parameter expansion, leads to the prediction for the neutron EDM 

Im [{C^)ed"^] ~ 3.1 X 10-29e ■ cm Im [(C^")^^']^^] ~ -1.66 x lO'^^e ■ cm, (51) 

(ti„)^^-^^ ~ 1.65 xl0-28e- cm, 
while a scan in x and matching to the linear behavior leads to 

Im [{C^)edZ] - 3-3 X 10-29e ■ cm Im [{C^)edm] ^ -1.75 x lO-^^e • cm, (52) 

K)^rA, ^ 1-7 xl0-2«e- cm, 

where the up- and down-type contributions were summed in quadrature. Both results satu- 
rate the experimental bound for M^k ~ 0.3 TeV. For Mkk — 4.6 TeV the neutron EDM is 
smaller than the experimental bound by two orders of magnitude. What is also relevant is 
that the resultant constraint on Mkk deviates by a 0(1) factor from the constraint implied 



by Eq. (48). The characteristic strength of the numerical results is rather stable against 
modifications of y^''^, x^''^, fQ,u,,d^ and yui,di that still yield physical quark masses and CKM 
elements. In addition, when varying the parameters up to 0(3) in magnitude away from 
their CKM values, the variation of the predicted neutron EDM and all other observables 
stays within a factor two. 

The contributions predicted by the approximate analytical diagonalization procedure de- 



scribed in Sec. |4.2| consist of extremely long expressions, which we do not state explicitly. 
Instead, we study them as a function of a; = v /Mkk only, with all other parameters assigned 
to yield the physical quark masses and CKM matrix elements. Finally, we can compare 
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the resulting predictions with the results of the fully numerical analysis. The approximate 
analytical diagonalization for the neutron EDM provides 



-2.5 X IQ-^A 



IL 



-2 X lO^^i^i 



(53) 



and 



(J \12xl2th 
\^n)RS-AA 



1.6 X 10 



-28 



4.3Te\/y 



M 



Y e ■ cm , 



KK 



in good agreement with the estimate of Eq. (48) and the numerical results in Eqs. (51) 



and (52). The discrepancy between the numerical and the semianalytical approach for the 



three-generation case will turn out to be larger for other observables. This is due to the fact 



that the semianalytical diagonalization described in Sec. 4.2 works better within the first 
generation, while more significant off-diagonal terms still appear in the second and third 
generation. In the case of the EDM, a cancellation mechanism at leading order is indeed in 
place. 



5.2 New physics and (e'/e) 

In this section we derive the new physics contributions to Re(e'/e) in RS-A4, generalizing the 
flavor anarchic analysis of |16j to our setup. We show that the bound induced on the KK mass 
scale by this quantity is relaxed even below the bounds obtained from EWPM, differently 
from what happens in the flavor anarchic case. The current experimental average, measured 
by KTeV and the NA48 collaborations, is Re{e'/e)exp = (1-65 ± 0.26) x 10-^ [20]. Given 
the uncertainties still affecting the standard model prediction Iie{e' /e)sM l!25j, we adopt the 
most conservative approach as also done in [16j| and assume < Re{e' /e)sM < 3.3 x 10~^. 
The potentially large new physics contributions to Re(e'/e) in the RS setup are induced by 
the two effective chromomagnetic operators with opposite chirality 



0„ 



9^ 



(54) 



generated by the one-loop amplitude in Fig. 1 ^ The imaginary part of the corresponding 



Wilson coefficients Cg and C'g contributes to Re(e'/e) oc Im{Cg — C'g). 

In the spurion-overlap analysis and neglecting the generational dependence of the overlap 



functions, we need to compute the (12) and (21) elements in Eqs. (29) and (30), respectively. 
Again, given the dominance of terms proportional to ^ and the suppressions by mass ratios 
in V^''^, there are only a few dominant contributions for each of the above elements in the 
up and down sectors, while all other contributions are suppressed by at least an order of 
magnitude. However, since the dominant contributions to (CgJ"*^^*^) 12(21) are proportional 



The presence of H in the definition of the 4D effective operators in Eq. ( 54 1 , tells us that the Wilson 



coefficients Cg and C'g for these operators should be obtained by dividing the spurion analysis result by the 
Higgs VEV V , thus obtaining Wilson coefficients of mass dimension -2. 
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to Vus(y*g) and they are real if Xg''^ and 2/2''^ are assigned according to Eq. (12), we also 
consider the leading sub-dominant contributions in the up and down sectors. We obtain 



lm{C„ - C'„ 



9 -g> 
IL f2 



Im 



12 



u—type 



a. 



d-type\ 



)21 



(55) 



KK 



where in the last line we used An = I/IQAh^Mkk), fq — 9.9 and B^'^ ~ 1.5. The dominant 



contributions to the functions F"''" are 

ei2,21 



in the down sector and 



e21 



(56) 



(57) 
(58) 



in the up sector. It is evident from Eqs. (55) -(58) that the contributions associated with 
FJ^^ are suppressed by irtd/ms compared to those arising from FJ^^, and the contributions 
from Ff^^ are similarly suppressed compared to those from Ff^^. This is analogous to the 
standard model pattern and opposite to what happens in flavor anarchic models. Therefore, 
to a good approximation, we only need to estimate the imaginary parts of F^^!^ as functions 
of the input parameters, in order to obtain bounds on the KK mass scale in RS-A4. Since 
/^m^ ~ fu^t, and more precisely fc^l/ {fu''^u) — 1 — 0(10^"^), the first term of F"„ in 
Eq. (57) approximately vanishes, and the third term is roughly suppressed by \Vu. 



f-12 

0.2257 

compared to the second term. Consequently, the imaginary part of F'^_^^ is largest for 
and A" pure imaginary. We first find the maximal possible contributions by spanning the 

/ ~u,d ~u,d\ 

[Xi Wi ) ^ ^ ^ ^ 

the CKM matrix. Denoting the magnitude of all x"' and parameters collectively by 



parameter space, and only later we impose the constraints arising from matching 
matr 

yu,D we obtain 

f^)yn max [|Im(A^)|] =2-^(4" + /^)y^, (59) 



max 



[\lm{Af 



m, ^ 



with the assignment 



2 / * 



2/ -u 



U,D 



~u,d 
X 9 



~u,d 
1/2 



D 



(60) 



-y2 



From Eq. (12), in order to get \Vus\ = \Vcd\ = 0.2257, we must require Xj 
and jju^D = 1- The resulting maximal imaginary parts in Eq. (59) will then be reduced by a 
factor 2 for realistic CKM assignments, due to the exact cancellation of terms proportional to 
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X2''^ and yg'*^- Foi' yu,D 7^ 1, we should correspondingly rescale the x VEV to maintain \ Vus\ = 
0.2257. However, this will have significant implications on the neutrino mass spectrum even 



for 0{1) rescaling, as was shown in [IJ. The two (dominant) terms in Eq. (59) will add up 
maximally for aig = ^2 ~ ^2 ~ ^25 which corresponds to a vanishing V^s according to Eq.j9). 
Focusing now on the third term in Eq. (57), and considering the assignment of Eq. (60), 
we realize that for Vus pure imaginary we should maximize the real part of the expression 
adjacent to it. The only parameters left to be assigned are Xg''^ and y^''^ leading to 



max[\Re{ix^,+urs)fl + mr 



+ ^mif^) I] = (2/i - {V3/2) f^)yu, (61) 

for the parameter choice x"^ = uy^ = yu. Notice that this contribution, proportional to 
Vus, will vanish for the choice Vus = that maximizes the sum of the terms in Eq. (59). 
Instead, for the assignments that lead to a realistic CKM matrix such as the one in Eq. (|l2 



the contribution of the above terms will be suppressed by roughly an order of magnitude 



compared to the (A^'"') terms, and can be safely neglected. 



From Eq. ( |57[ ), using fc <^ /„ and Bp' ~ 1.5, we obtain the following upper bound on the 
up-type contribution to e'/ e 



11.57r2t;3M|.^ 



2(/" + /^)yf/. 



(62) 



It scales with Y"^, where Y generically denotes the overall scale of the 5D LO Yukawa 



couplings associated with the if$ interactions. Using again the assignment in Eq. (60) the 
down type contribution is given by 



lm{C, - C'] 



2{fi + n)yD . 



(63) 



The NP contributions to Re(e'/e) are directly constrained by the experiment. In order to ex- 
tract such a constraint we construct the difference 6'^ = (Re(e'/e)Arp— Re(e'/ e)sM) /Re(eV e)ea;p, 
as done in [16]. Assuming Re{e' /e)sM = one can write 



u,{{27i)i=o\XsOg\K^)) 



I exp L 



ImjCg - C'g 

Xs 



' V2ReAoReie'/e)exp 
where Bq, the hadronic bag parameter [26 



^ {58TeVy Bg 
is given by 



lm{Cg - 

a7 



(64) 



((27r),=o|A.O,|i^°) 



3 11 mlml 



K 



2 4 



B, 



(65) 



and we set Bq = 1 as in p!6]. The parameter is the SM Yukawa coupling of the s 
quark, namely As x 174 GeV^ = rris — 50MeV^. The quantities Aq and A2 denote the 
amplitudes for the (27r)/=o and (27r)/=2 decay channels of the K'^ meson, respectively. We 
takeF^ = 131 Mel/, Re{Ao) = 3.3xlO-^MeV, co, = \ A2/Ao\ = 0.045 and |ee^p| = 2.23 xlO'^. 



Imposing \5'^\ < 1 and using Eqs. (62) and (63) directly leads to a bound for the KK scale 

(M^^)^^^~-''''''''"P >1AY TeV. 



(66) 
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Using the results for the overlap dependence of the up- and down-type contributions to e'/ e 



from the one-generation KK diagonalization scheme in Eq. (151), the up- and down-type 



contributions get enhanced and suppressed respectively and the resulting bound on M^k is 

.KK( 
U'/e 



{MKK)^fJ''"''^>l-25YTeV. (67) 



This bound is the most stringent in the (x"'*^, yf'*^) parameter space and corresponds to an 
highly unnatural set of parameter assignments, for which V^s = 0, and maximize the sum 
of up and down imaginary parts. Nevertheless, this bound is still less stringent than the 
one in the flavor anarchic case considered in [16], and it allows for 0(1 TeV) KK masses for 
0(1) Yukawa couplings Y ^ 1, yu^o ~ 1. The latter values correspond to xo = 0.155Mp(^, a 
value allowed by the neutrino oscillation data [1] . Notice also that in the flavor anarchic case 
[TO] the most stringent bound on the KK scale arises from the combined Yukawa coupling 
dependence of the new physics contributions to e' /ex and ex- The latter contribution comes 
from the tree level KK gluon exchange, it is inversely proportional to the Yukawa coupling, 
and provides the most stringent bound on the KK scale for 0(1) Yukawas. The combined 
bound on Mkk in [16] has been obtained for Yukawa couplings of C(6), implied by the 
constraint from the tree level KK gluon exchange contribution to eK- This contribution 
vanishes identically in RS-A4 pj , thus relaxing one of the most stringent constraints of flavor 
anarchic models. 

A more natural bound on the KK mass scale is obtained for the parameters assignment of 



Eq. (12) that provides an almost realistic CKM matrix, while still choosing x"'"^ and y"''^ to 



maximize the imaginary parts of up- and down- type contributions according to Eq. (60 ). The 



resulting bound on Mkk will be further suppressed by at most a factor of a/2 compared to 



the one in Eq. (67). This bound (for F = 1) is again significantly lower than the one implied 
by constraints arising from EWPM in particular the ZbibL coupling. This is a pleasing 
result in RS-A4, indicating that constraints arising from new physics contributions to FCNC 
processes tend to be weaker than in flavor anarchic models, see for example [TOl [HI [16] and 
references therein. Another important difference between RS-A4 and anarchic frameworks 
stems from the dominance of SM-like dipole operators, and the lack of enhancement of the 
opposite chirality operators. 

To conclude the analysis of the constraints arising from e'/e we state the results from the 
numerical and semianalytical diagonalization of the three-generation 12 x 12 mass matrices. 
For X = 0.037 the numerical result is 

(5e')^5-A4 ^ 0.1 (M^^)^rA4> 0.98 Tel-, (68) 

close to the spurion-overlap and the one-generation mass-matrix diagonalization approxima- 
tions. The results of the semianalytical diagonalization for the RS-A4 contributions to e'/e 
are given by 

i^e'V^s-M ^ 0.3 {MkkY^,^}'^^ ^2.5YTeV. (69) 

As anticipated, the deviation of the semianalytical 12 x 12 estimate from the numerical one 
can be attributed to the fact that the mass matrices in the first case are only approximately 
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diagonalized, and a residual contamination of 0{x) is noticed to be still present in the 
second- and third-generation off-diagonal blocks of the approximately diagonalized mass 
matrix. Nonetheless, the importance of the semianalytical method stays in providing some 
insight into the way the A4 flavor structure induces cancellation patterns, due to the explicit 
phase structure of the LO Yukawa interactions in Eq. ([s]). 



5.3 How stringent is the constraint from b — > 57? 

Measurements of the branching ratio BR(i? — )■ Xg'j) are already accurate enough to provide 
stringent constraints on new physics contributions to b ^ 57. It is thus instructive to obtain 
the NP physics contributions to 6 — )■ S7 in RS-A4, derive the corresponding bound on the 
KK mass scale and compare with the flavor anarchic results of [16] and [T5] . 
As it is also true for e'/e, and in contrast to flavor anarchic models, the largest contribution 
to 6 — )■ 57 in RS-A4 is generated by the single-chirality effective dipole operator 

Or = ^^hna^-F.^SL , (70) 

while the contribution arising from the opposite chirality operator Oj is suppressed by rris/ mb 
as in the SM. This can easily be inferred by looking at the i = 2,j = 3 (for O7) and 



i = 3, j = 2 (for O'y) components of the Wilson coefficients defined in Eqs. (29) and (30). 
The Wilson coefficient C7 for O7 is generated by the loop amplitudes in Figs. [T]andj2]and 
we follow the same procedure as for e'/e to estimate the dominant contributions to C'Tj For 
the down-type contributions we obtain the following dominant terms 



(Cr)^-*^^^ ^ {fA^ir^i + fsi^D) , (71) 



where the factor —1/3 comes from the charge of a down- type quark. Considering Eqs. (14) 



(16), it is clear that the second term in Eq. (71) is dominant, despite the presence of /, 



in the first one. As before, we assign a collective magnitude to the a;"'*^, y^''^ parameters in 
terms of yu^£, and look for the phase assignments that maximize the total contribution. We 



Id 



thus first rewrite the maximal magnitudes of 23? defined in Eqs. (14)-(16), in terms of 
yo- It is straightforward to obtain 

max{\At\) = ^ {2fi + 2/^) yn max(|A^|) = ^ {2f^ + 2/^) yn 

max{\Ai\) = -^{2f^ + 2f^)yn, (72) 

and similar bounds for the up-type right-handed diagonalization matrices are obtained via 
the replacement {d, s, b, yn) {u, c, t, yu) in the above equation. In particular, the bound 



^ Considering the definition of O7, we sliould correspondingly rescale tfie contributions coming from 
Eqs. (29) and (30) by (87r^/mb), supplementing us again with a coefficient of dimension [mass]""^. 
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in Eq. (72) on A3, to which the dominant term in Eq. (71) is proportional, is obtained with 
the assignment 



X 



^Vs =yDe 



iSh. 



(73) 



The above bounds can now be used to estimate the down-type contribution to O7 leading to 



(74) 



where we used /q ~ 9.9, and Bp ^ 1.5 and made explicit the Y'^ scaling behavior. In the 
up sector, we learn from Eq. (30) that there are two dominant contributions to the effective 
coupling of O7, leading to 



5 Bpfg 2 



(75) 

where the factor 5/3 comes from the electric charge of an internal up-type quark in Fig. [l] 
and a negatively charged Higgs in Fig. [2j All the other up-type contributions to C7 are 
suppressed by at least another order of magnitude. To obtain a conservative bound on NP 
contributions to 6 — )■ 57, we can again find the maximal values of the combined up and down 



contributions in the model parameter space. We first use Eq. (10) to rewrite the up-type 
contribution as 



5 B-pff 



Q 



3 8vmj,j, L 



(76) 



where we use f^'ml ^ ft'^'ti ^iid in particular /jPm^ = (l/f /yc)(^oo/'''oo)^/c"^c — 6.35 /^m; 



so that the first term in Eq. (76) is dominant for 0{1) parameter assignments. 

The maximal combined up and down contributions to C7 would be realized when both are 



real and negative. This corresponds to Sbso = in Eq. ( 73 ) and for the up sector: 



^2/2 = -Vu ■ 



(77) 



With this assignment the second (subdominant) term in Eq. (76) vanishes. Using Bp ^ 1.5 
and fn ~ 9.9 we obtain 



5Y'yu 



(75 



It thus turns out that the up-type contribution to 6 — )■ 57 dominates over the down-type by 
roughly an order of magnitude. 

A bound on the KK mass scale can be extracted by comparing with the SM contribution 
to 6 — > S7 and the corresponding experimental bound. Contrary to flavor anarchic models. 
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the dominant contributions from NP and SM both come from the single chirahty Wilson 
coefficient C7. The SM contribution evaluated at the W scale can be written as follows [23] 



(79) 



w 



where D'Q{mt) ~ 0.4, Mw = 80.4 GeV and g ~ 0.65. Following the analysis in \i5\ we 
conveniently define the ratio between the NP and SM contributions as 

. - "-'grrr: X , (80) 



C^^ifiw) 1.06 X 10-7(Ge\/)-2 M 



2 



which is thus a function of yu and M^k- An analogous definition holds for Cy. We realize 
that, even for KK masses as low as 3 TeV and for the largest Yukawa allowed by pertur- 
bativity bounds Y = Am l\/ Nkk ~ 9, the RS-A4 new physics contribution predicted in the 
spurion-overlap approximation is at most comparable to the SM one, and it is suppressed 
by roughly an order of magnitude for the parameter assignments that yield a realistic CKM 
matrix. To impose a conservative bound on the KK mass scale we proceed as in the anal- 
ysis of fiavor anarchic models [TU] . To compare with the experiment, we use the model 
independent ratio |15j r*°*'^'(6 ^ s7)/r^^(fe ^ s'^) ^ I + ^mRe{6^) + 0.11|5^| which takes 
into account the running from Mkk down to /i;,, with F*"**^' ex: \Cj{^b)\'^ + \Cj{iib)\'^- Given 
that the running of the Wilson coefficients from the KK scale down to remains an 0{1) 
suppression effect, and using the experimental value for BR{b — )■ 57) affected by ~ 10% un- 
certainty, a (9(20%) departure of NP contributions from the SM prediction is still allowed. 
Considering separately the contributions from C7 and Cj, the allowed window translates 
into [I5] Re{5-j) < 0.3 and l^yl < 1.4. Since the contribution to Oj in our setup is further 
suppressed by ms/rrib compared to the one of C7 and the bound on 5'-j is far less stringent. 



the constraint on the KK mass scale will come from 5-j. Substituting in Eq. (80), we obtain 
a conservative bound, which do not correspond to a realistic CKM matrix 

(M^^)n:, > 2.1Fv^TeV^. (81) 



Using instead the parameter assignment of Eq. (12) to obtain a realistic CKM matrix, leads 
to the more realistic constraint 

{MKKfb^^' > lAY^TeV. (82) 



One important difference between RS-A4 and flavor anarchic models resides in the dominance 
of C7 in the new physics contributions. This can obviously lead to different patterns of 
interference between NP and SM contributions in direct CP asymmetries. Hence, a study 
of the latter might discriminate among NP models more efficiently than the measure of 
branching ratios. In RS-A4, a non trivial pattern of interference between C^^"^"^ and Cy^ 
might be in place. 

Since the above constraint is the most significant we have encountered so far, we go beyond 
the spurion-overlap approximation and use the results of the analytical diagonalization of 
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Y 

Figure 3: Bounds on the KK mass scale Mkk as a function of the overall Yukawa scale 
Y for the neutron EDM (bottom, red) e'/e (centre, green) and b ^ s'y (top, black). The 
analytical (th) results (solid lines) are obtained within the one-generation approximation 
combined with the spurion-overlap analysis and compared with the numerical (N) results 
(dashed lines) of the three-generation case. In both cases, predictions are obtained for the 
model parameters that lead to a realistic CKM matrix. 

the one-generation mass matrices. In this way we are able to obtain a better description of 
the overlap dependence of the above process. The modifications to the overlap factor Bp 



for 6 — )■ S7 are obtained in appendix |B.2| and the resulting new overall correction factor is 
{Bp)^_^}^^'^^^ — —1.54, which has a very moderate effect on the KK mass scale bound. The 
dependence of the resulting constraint on the size of Yukawa couplings is illustrated together 
with the constraints from e'/e and the neutron EDM, in Fig. [3| Finally, we state the results 
of the numerical and semianalytical approach to the three-generation case. Numerically, and 
by adding up- and down-type contributions in quadrature, we obtain 

iSr)^rA, ^ 0.03 (M^K&i^,''"'-^ > 1.27 TeV, (83) 

while the semianalytical diagonalization scheme leads to 

i^rY^s-A' ^ 0.06 {MKKy^,^}'^^ > 1.8 Y TeV . (84) 

Fig. [3] provides a summary of the results obtained in this section. We compare the bounds on 
the KK mass scale Mkk as a function of the Yukawa coupling for the neutron EDM, e'/e and 
b — )• 57. Differently from flavor anarchic models, the most stringent constraint eventually 



comes from b ^ sj. For an overall Yukawa scale Y ~ ! 
the one implied by EWPM, in particular Zb]J)L. In Fig. 



°| all constraints are weaker than 
3^ we also compare the analytical 



prediction (th), obtained in the combined spurion-overlap and one-generation diagonalization 



^We recall that the overall Yukawa scale is defined as yu,d,c,s.t.b ~> ^ yu,d,c,s.t,b, with reference values 
yu,d,c,s,b = 1 and yt = 2.8. 
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scheme described in Sec. 4.1, with the exact numerical analysis (A^) of all three generations. 
Both predictions are obtained for the model parameters that lead to a realistic CKM matrix. 
It is worth to recall that the analytical prediction for the neutron EDM reported in Fig. |3] 
and Eq. (50 ), represents a very conservative estimate coming from the up sector contribution 
in Eq. (48) and entirely due to the non degeneracy of overlap factors. Differently from other 
quantities, the neutron EDM identically vanishes in the spurion-overlap approximation with 
degenerate overlap factors. 

We conclude that the constraints on new physics contributions from the neutron EDM, (e'/e) 
and 6 — )■ S7 are relaxed in our setup compared to generic warped flavor anarchic models. In 
order to impose significant bounds on the KK mass scale in RS-A4 using the above processes 
we must wait for more precise measurements of these observables. This might not be the 
situation with Higgs mediated FCNCs, considered in the next section. 



6 New physics from Higgs mediated FCNCs 

It has been pointed out, both in the context of a composite Higgs sector of strong dynamics 
[18] and warped extra dimensions [19], that higher dimensional operators in the low energy 
4D effective theory with extra insertions of a Higgs field generally leads to a misalignment 
between mass and Yukawa matrices and consequently to tree level Higgs mediated FCNCs. 
The presence of a misalignment is a quite general and model independent result. 
In the RS-A4 framework, once A4 is completely broken by "cross-talk" interactions, the 4D 
effective Yukawa couplings originate from 5D Yukawa operators that involve the Higgs, and 
one or both flavons $ and x- This is relevant to determine the typical strength of the effective 
4D interactions. The operators that generate the misalignment between the Higgs Yukawa 
couplings and SM fermion mass matrices in the 4D effective theory, are of dimension six and 
can be written in terms of the 4D fields as follows [T9] : 

A^f^HQLAUR,,Dn,), B,~Dn^$Dn,, Q~Un^0Un^, K-~QaQL,, 

(85) 

where Ql^ and Dr^^UrJ are the SU{2)l SM fermion doublets and singlets, respectively, 
and the Higgs field H = v + h is a 4D field containing the physical Higgs h. The scale 
A is the 4D cutoff and the coefficients Aij, By, Cij and Kij are in general complex. The 
indices i,j denote flavors of the SM quarks. Once the electroweak symmetry is broken at the 
Higgs VEV scale, v = 174 GeV, the above operators will induce corrections to the fermion 
masses, Yukawa couplings and kinetic terms. The corrected mass and kinetic terms can be 
generically parametrized as [T9| 

- {y'u + 4^) QL.Dn, > (I + ^'^^^'^ ' (y + ^-^) ^^^^^^^ ' 

(86) 
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Figure 4: Higgs mediated corrections to masses and Yukawa couplings of SM fermions in the 
mass insertion approximation. The 4D effective Higgs field is defined here as H = v + h and 
contains the physical Higgs field h. 
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Figure 5: Higgs mediated corrections to kinetic terms of SM fermions in the mass insertion 
approximation. 



while the corrected Yukawa interactions with the physical 4D Higgs h are generally given by 



and analogously for the up contributions A^j and Qj, where ~ ^ij^Jq] fuld^^oo'icQ^^ c^.,^ 
are the SM leading order Yukawa couplings. The origin of the misalignment between Yukawa 
couplings and SM masses [T9j resides in the simple fact that an additional multiplicity factor 
3 is associated with the corrected Yukawa couplings to the physical Higgs h. In the mass 
insertion approximation, the leading corrections to Yukawa couplings and fermion masses 
are generated by the second diagram in Fig. |4| while the corrections to the fermion kinetic 
terms are generated by the second diagram in Fig. |5] via the exchange of KK modes. 
After redefining the fermion fields to canonically normalize the corrected fermion action, 
the total misalignment between SM masses and Yukawa couplings in the mass insertion 
approximation is given by [19] 



A^-^ = m„7 - V = AX + (88) 



where 



,u,d _ r) AU,d ^ Z u(d) _ ( ir ^ \ r' ( T) \^ 



= -2^r = - [K^,J-^ + C.AB^,)j^ ] . (89) 



It is clear that, after the shift in Eq. (88), the SM mass matrix and Yukawa couplings are in 



general not diagonalized by the same biunitary transformation. Thus, in the diagonal mass 



31 



basis, non-diagonal Yukawa interactions are in general present and induce FCNC processes 
by tree level Higgs exchange. 

In [T3] the contributions of Higgs mediated FCNC to AF = 2 processes were estimated 
in the framework of flavor anarchy. It was found that the dominant contribution to the 

misalignment is in this case due to ( ) KK modes, and does not vanish for an IR localized 

Higgs, contrary to the conclusions of previous analyses [27]. Also, the overall misalignment 
was calculated by mass diagonalization in the one-generation approximation, and generalized 
to three generations using a spurion analysis in the mass insertion approximation [TU]. Here, 
we analyze the same misalignment in the context of RS-A4 to establish whether a significant 
suppression of Higgs mediated FCNC contributions to AF = 2 processes can be induced by 
the particular structure of up and down diagonalization matrices of A4. 



We start with writing the explicit flavor structure of the corrections in Eq. (89), in the IR 



localized case and using the spurion analysis in the mass insertion approximation. In the 
special interaction basis one would in this case obtain 



1-3 



(90) 
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where K{ci) = diag{K{ci)) and 



Kic) 



1 - 2c 



+ 
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J ij 



e2c-i_i (^2c-i _ i)(3_2c) (l + 2c)(e2c-i_i)_ 



(91) 
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with {R'y^ = ke-^^^ ^ 1.8 TeV the UV cutoff of the 4D theory and e = R/R' = e 
The function K[c) was obtained in [T9j by taking the brane localized Higgs limit (/3j^ — > 00) 
of the original bulk function for one generation of down-type quarks. The c dependence of 
K[c) renders the shift from kinetic terms subdominant w.r.t. the one arising from Yukawa 
interactions, in the case of first and second generation quarks that interest us. 
To account for bulk effects in the three-generation case we use the spurion-overlap approx- 
imation of Sec. 3.3 One can easily realize that the general flavor structure of the shift in 



Eq. (90) for the up and down sectors is identical to the one of the down-type contributions to 



dipole operators. This means that we can rewrite Eq. (90 ) in the form of Eq. (29 ) with a new 



factor i?p ^ that quantifies to a good approximation the overall effect of overlap corrections 



present in the second diagram of Fig. |4j The difference with the dipole operator case in 

Eq. (21) stems from the different type of KK modes: and in Fig. |4] denote ( ) 

and (H — ) KK states in custodial RS-A4. The flavor structure of the dominant contribution 



to the misalignment A^^ thus contains two terms 



(^/fi )(++) oc FqY^^u roi(cQ,, Cd,^,ui^ , /3) rj„ ri-1- (q,^,„,^ , cq,^, /3) rio(cQ,^ , Cd^,u,)Fd,u ■ 



(93) 
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Given the almost degeneracy of overlap factors as shown in appendix A.l , we can again work 



in the approximation analogous to Eq. ( 29 ) , and define Bp 



Bp = max 

^ u.d 



00 



"1+-!- 



10 



(94) 



as an overall multiplicative overlap factor. It is now important to notice that the IR peaked 

profile of both $ and the Higgs and the vanishing of the ( ) and (H — ) profiles at the IR 

brane, provide a suppression by almost an order of magnitude of the overlap factors ri-i- 
and ri+-i- compared to rn and ri-+i, rendering smaller, but still dominant over A^^. 



In the same approximation of Eq. (29) and in the mass basis A^^ reduces to 



^ 2_^\^R )ni\^R JnjJun 



(95) 



n=l 



Disregarding A^^, the off-diagonal Yukawa couplings in the mass basis are then obtained 
by dividing the contribution in Eq. (95) by the Higgs VEV, v. Recalling the structure 

it is 



of the right-handed diagonalization matrices in Eq. (13) and the hierarchy of fui,di, 
straightforward to identify the dominant corrections. Defining {Aygfj)ij = a^^^ = (A^^) 
we obtain 



u,d 



-2i?'2 f, 
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H 



3v 
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J u,d 



u,d\ 



fldK 



u,d 
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u,d\ 




(96) 



Hence, new 4D effective operators of the form af^hd^d'p + {d ^ u) + h.c. will induce tree 
level Higgs mediated FCNC One can already notice that the suppression of third-generation 
couplings, as for it, is much milder than in the flavor anarchic case [in]. For R' ~ 1.8 
TeV, the suppression amounts to /S.yt/yt ~ 4 x 10~^. This is due to the degeneracy of the 
left-handed fermion profiles fq and the consequent factorization of the left-handed matrices 
Vl. 



6.1 Low energy physics bounds from AF = 2 processes 

The Higgs flavor violating couplings can induce tree level FCNC contributions to various 
observables. The most stringent constraints on their size may come from experimental 
bounds on AF = 2 processes, such as K — K, Bd,s — Bd^s and D — D mixing. AF = 2 
processes are described by the general effective Hamiltonian [231 [2H] : 

5 3 

a=l a=l 



33 



where 

^1 — HjLlfiHiLHjL! HiLi ^2 " HjRHiLHjRHiLi ^3 — HjRliLHjRliL 

with color indices a, (3. The opposite chirahty operators are denoted with a ' and obtained 




Figure 6: Contributions to AF = 2 processes from Higgs exchange at tree level. 

from the operators above by the replacement L ^ R. For K — K , Bd — Bd, Bg — Bg and 
D — D mixing we have g^gj = sd, hd, bs and uc, respectively. In particular, Higgs mediated 
tree-level processes as in Fig. |6] generate new contributions to C2, C2 (Fig. [6]^ A)) and C4 
(Fig. Mb)) [TU]. They read as follows 



C!} 
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ml 



2 ' 
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(99) 



where denotes the mass of the physical Higgs. We adopt the model independent bounds 
of [28], renormalized at the scale fih = 200 GeV as in [19j, to make the comparison with the 
flavor anarchic results in [T9] transparent. The bounds 



ImCf < 2.04 X 10 

'4 



|Cf I < 1.1^ 



X 10-^^GeV~\ 

-10/ 



C^^ \ < 1 X IQ-'^GeV 



\mCf < 5.9 X IQ-^^GeV-^, 

< 1.23 X IQ-^^GeV-^, 

< 3.46 X 10^"Gey-2 



\G^ 



\G^\ < 2.77 X 10 



'^GeV-', 
< 5.1 X W-^^GeV-\ 
(100) 



directly constrain both and aij, and provide lower bounds for the KK mass scale. The 
most stringent bound in RS-A4 should be provided by ImC^ and comes from ex- Using 



Eqs. (99) and (96) in the spurion-overlap approximation with an overall overlap factor, one 



obtains 



Im(C4 )rs-A4 - ^rn 



{ 2B^^pQR'r 
m^(3f )^ 







(101) 



for any parameter assignment to first order in xf and yf. The next strongest constraint should 
come from C^. Using again Eqs. (99) and (96), assuming Im((Af)^) = (max(|Af|))^ = 
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4:yjj{f^ + f^)^, choosing = 300 GeV and R' = (l.STeV) ^ as reference values, the largest 
contribution to in the same approximation is 



V2\2 



lm{C^)RS-A, 



Im 



/»:A^Af I ^1.4x10-^'^ Gey 



-20 , 



r-2 



Y^yDil.STeVR 



(102) 

where we used fd = 2.24 x 10^, fq = 3.13 and Bp"^ ~ 0.18. Thus, both constraints from 
C4 and C2 are strongly suppressed in our setup. This is again due to the A4 pattern of 
the Yukawa matrices. Suppression factors come from the mass ratios in V^, due to the 
mass hierarchy and the consequent hierarchy of right-handed fermion profiles in A4, the 

presence of /^'^''' suppression factors also in V^, and the suppressed overlap of ( ) and 

(H — ) fermion KK modes with the IR peaked VEV of $ and the bulk Higgs. The same 
sources of suppression are at work in the up sector. For completeness, we obtain the largest 
possible estimation of the NP contribution to C^, the most constraining bound in the up 
sector. Assuming Im((A5')^) = (max(|A"|))^ = 4^^(/^ + /^)^, and using the same reference 
values for mh and R' as before, we obtain 



\Rs-A4 



I2\2 



ml{?>v) 



2.4 X lO'^^GeV 



r-2 



Y^yuil.STeVR') 
{mh/300 GeVy 



where we used Bp"'"^ 



(103) 

0.18 from Eq. (90). The above contribution is almost six orders 



of magnitude suppressed compared to the model independent bound in Eq. (100). Higher 



order corrections in x"'"^ and y^ 

compared to the first order terms and they will generally combine incoherently. Hence, it 
seems safe to expect that Higgs mediated FCNC contributions to AF = 2 processes do not 
provide the most stringent bounds on the KK mass scale in the RS-A4 model, even going 
beyond the spurion-overlap approximation and taking full account of generational mixing. 
Far more stringent constraint thus remains the one coming from the Zhibi coupling, which 
is fairly satisfied for the choice = 0.4, R'~^ = 1.8 TeV, rrih = 150 GeV and order one 
Yukawa couplings. Fig. [t] also shows how the bound on the KK mass M^k — 2.55 R'~^ 
becomes weaker upon increasing the Higgs mass. 



~u,d 



will induce terms which are suppressed by at least 0{f^^' 

Hence, 



7 Conclusions 

We have illustrated how the presence of an additional A4 flavor symmetry in the bulk of 
a warped two-brane scenario allows to relax the most stringent lower bounds on the KK 
mass scale typical of flavor anarchic models. The most relevant difference between the RS- 
A4 model proposed in [T] and flavor anarchy stems from the degeneracy of the left-handed 
fermion bulk profiles, and the consequent factorization of the left-handed rotation matrices 
in many contributions to dipole operators. The flavor hierarchy of the Standard Model is 
induced by the A4 texture of the 5D Yukawa couplings and the bulk mass parameters of the 
right-handed fermions. 
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Figure 7: Bound on the KK mass scale Mxx(TeV) from Zbibi as a function of the Higgs 
mass, rrihiTeV). 

At leading order in an expansion in powers of the UV cutoff of RS-A4, i.e. in the absence of 
cross-talk interactions [IJ, the CKM matrix is the unit matrix and no quark mixing is gen- 
erated in the effective 4D theory. At next-to-leading order, an almost realistic CKM matrix 
is obtained in a rather economical way, due to the presence of cross-talk higher-dimensional 
operators and cross-brane interactions. We have also shown in [1] that the structure of the 
leading order Yukawa couplings may induce exact cancellations in the contributions to dipole 
operators. It is hence natural to expect the suppression of many contributions to the same 
operators, once the next-to-leading order corrections to the Yukawa couplings are taken into 
account, as compared with flavor anarchic descriptions. 

It should also be noticed that whenever a flavor symmetry is present in the 5D theory, it 
is important - and more relevant than in flavor anarchic models - to fully account for non- 
degeneracies and KK mixing patterns within the same generation and among generations. 
For this reason, we have considered various analytical approximations and compared their 
prediction with an exact analysis based on a fully numerical diagonalization of the complete 
KK mass matrix, a 12 x 12 matrix in the custodial case for three generations. 
Concerning flavor violating processes, the first relevant difference with flavor anarchic models 
is the fact that new physics contributions are dominated by the same chirality operators 
as in the Standard Model and no enhancement of the opposite chirality operators is in 
place. Another relevant feature is the vanishing of the dominant new-physics contribution 
to ex, mediated by a KK gluon exchange at tree level. This has striking consequences, 
due to the fact that this contribution to ex is inversely proportional to the Yukawa scale, 
while other relevant observables such as e'/ex, b ^ s'y and the neutron EDM are directly 
proportional to the Yukawa scale. The consequence in flavor anarchic models (TB] is that 
the combined constraints from ex, ^ I^k and b ^ force large Yukawa couplings, closer to 
the perturbativity bound, and an overall bound Mkk ^7.5 TeV. In addition, the little CP 
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problem [10], related to the generation of a far too large neutron EDM in flavor anarchy, 
remains to be solved. In contrast, given the vanishing of the leading new physics contributions 
to ex in RS-A4, the most relevant constraints on the new physics scale should come from 
the remaining FCNC processes, while relaxing the constraints on the size of the Yukawa 
couplings. 

Fig. [3] is a summary of the most relevant results for FCNC processes in RS-A4, expressed 
in terms of the lower bounds on the KK mass scale Mkk — 2.55 R'^^ and by varying 
the typical size of Yukawa couplings. Given the absence of the constraint from ex, an 
0(1) Yukawa coupling is allowed, providing the overall bound Mkk ^ 1-3 TeV, induced 
by 6 — )■ 57. The latter bound is weaker than any flavor anarchic bound and less stringent 
than the bound Mkk ^ 4.6 TeV, from ZhiJ)L in RS-A4 [1]. Another salient feature in 
Fig. [3] is the substantial suppression of new physics contributions to the neutron EDM. This 
stems from the A4- induced degeneracies in the left-handed fermion sector, which determine 
the vanishing of these contributions to the EDM also at next-leading-order in the Yukawa 
couplings, in the spurion-overlap analysis within the mass insertion approximation. 
The pattern of HMFCNC in RS-A4 shows a much milder suppression of the top Yukawa 
coupling if compared with flavor anarchic models, and more in general the A4 flavor structure 
guarantees weak bounds on the KK mass scale induced by Higgs mediated FCNC processes. 
We defer to future work the study of potentially interesting features of an extended Plr 
custodial symmetry [291 El] within a A4 warped flavor model. Such an additional symmetry 
is known [21] to relax the constraints from ZhiJiL- 

We conclude that the little CP problem related to the neutron EDM in flavor anarchic 
models is avoided in the custodial RS-A4, while the most stringent bounds on the KK mass 
scale come from EWPM, in particular the ZhiJjL coupling. The dominance of the constraint 
induced by 6 — >■ 57 over the constraints from e'/ ex and the neutron EDM mainly stems from 
the amount of non-degeneracy of the third-generation Yukawa coupling, in turn induced by 
the degeneracy of the left-handed 5D profiles of all quarks in A4. 
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A Explicit Calculation of Overlap Corrections 

In this appendix we define and obtain explicitly the various overlap correction factors intro- 
duced in Eq. ([T]) and discussed through the text. We start by some definitions. The bulk 
geometry is a slice of AdS^ compactified on an orbifold S1/Z2 and can be described by the 
proper distance metric 

ds^ = dy^ + e-^'^^y^ri^^dx^dx", (104) 
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where k ~ Mpi is the AdS^ curvature scale and —ttR < y < ttR. The UV and IR branes are 
located at the orbifold fixed points y = and y = ttR, respectively. The same problem is also 
studied by many authors in an interval setup with conformal coordinates. The corresponding 
metric is in this case ^ 

ds^=(-] {-dz^ + ri^^dx''dx'') , (105) 



where z = e'^^/k, defined on the interval {R, R') with R = Zh = 1/k and R' = z^ = e^'^^/k. 
One feature of the interval setup is that it naturally allows for more general boundary 
conditions (BC) for the bulk fields, as compared to the orbifold case. On the other hand, 
only the orbifold fixed points can be naturally interpreted as the location of physical branes 
due to source terms originating from the "jump" of derivatives at the fixed points; in the 
interval picture branes can only be assumed to be located at the edges of the interval, namely 
Zh and Zy. Since in the orbifold case the behavior of all bulk fields in the interval [— vri?, 0] 
is determined by their transformation law under the orbifold Z2 symmetry, we normalize all 
wave functions and perform all integrals on the interval [0, nR] without loss of generality. 
The normalized wave function for a fermion left-handed zero mode as a function of its bulk 
mass is 

= (106) 

where = Qi, ii,Ui, di, Cj and c/^ is the corresponding bulk mass given in units of k. A right- 
handed zero mode is obtained with the replacement c — )■ — c. The canonically normalized 
wave function on the IR brane, xo, is defined as xoicf^,7cR) = e*^~^/^^'^'''^xo(c/i, vr_R). 
The induced 4D VEV's of the IR peaked bulk scalars $ and H, required for the definition 
of the IR localized Higgs limit, are related to the 5D VEV's as follows 



^^■.(*») = J 1 !!'i''iSt,, «H(.)^'''''' - ^/m^^)v%W"' . (107) 



where (3h,<s> = y ^ + f^n # tunes the amount of localization from the UV to the IR and 
is the corresponding bulk mass in units of k. The above relation is obtained by integrating 
the solution (for H or $) of the bulk equation of motion along the extra dimension [22]. 
In the IR localized Higgs and $ case, the charged fermion masses arising from the Yukawa 
coupling to the Higgs, and before diagonalization, are obtained via [30] : 



irhfY/ji = {ylj)LO^Tr2 Xo(c4(cqJ, 7ri?)xo(ce„. (cg«,), vri?) = —r^ , (108) 

where q = u,d, the matrix {y(j)LO of dimensionless 5D couplings is defined in Eq. (js) and 
V = vjf = 174 GeV is the Higgs VEV. In the second equality we write the fermion masses 
in similar notations to [10], where //- = \/2k/x0f. to make the comparison with their results 
more transparent. In the setup we use, where charged fermion masses are generated by the 
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Yukawa interactions with bulk H and $ and where LH fermion bulk masses are degenerate, 
we have to consider the overlap of scalar VEV profiles and zero mode fermion profiles, leading 
to the following masses before diagonalization: 



ILQ- 



A;2 



TVR 



(109) 

As a natural choice for the bulk scalar profile, we assume [22] /3_h-,$ ~ 2 + e, with e a 
small parameter for stabilisation purposes. To obtain the physical quark masses at the scale 
^g-fcjri? ^ g rp^Y used the following assignment pQ: 

cj' = 0.4, c„ = 0.79, Q = 0.77, c, = 0.683, q = 0.602, = 0.557, q = -0.17, 

(110) 

with yu,c,d,s,b = 1 and yt ^ 2.8, which is still required to match mt(yU = 1.8Tey) ^ 140 



GeV. The integration in Eq. (109) is straightforward, given that all functions are simple 



exponentials and only depend on (3 = f3H + /S*- Dividing Eq. (109) by Eq. (108), we obtain 



the definition of the (LO) RS-A4 zero-zero overlap correction factors 
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where we used /3/^ = ~ 2, Ho = 0.396Mpf , $0 = 0.577Mjf , kr:^Mpi = 2.44 x W^TeV 



and knR ~ 34.8. The numerical values of the bulk parameters in Eq. (110) lead to 
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with a rather mild flavor dependence. In an analogous way we obtain r^*^, the overlaps asso- 
ciated with the NLO Yukawa interactions of Eq.([7]), for which the corresponding integration 
for = 2 was already performed in P: 



'"OO [PH,<S>,xy'^qyCui,di) 



4x/2/3^V(1 + /3h)(1 + /3*)(1 + /3x) 



(6 + /3h + /3$ + /^x - - c„„dj(6 + I3h + l3>i. - l3^- cj^ - c„^,dj 



24^6 



(113) 



where in the second equality we used /3h,<s>,x = 2 + eH,<i>,x a^id €H,<i>,x « 1- Notice that 
the interactions with x are vanishing identically on the IR brane, for = 2, due to the 
VEV profile of x'l thus the IR localized limit of Yuk awa interactions involving x is naturally 
suppressed. The correction r^*^, as defined in Eq. (113), is just a way for us to parametrize 
the bulk NLO Yukawa interactions in a way similar to the LO Yukawa interactions. The same 
goes for the definition of the 4D VEV for the x field, xo = v'^^ e''^^ ^y {1 + l3^). The overlap 



correction factors from Eq. (113) range from (r^*^)t — 0.64 to (r^*^)u — 0.8. Finally, the 
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function /^"'^S defined after Eq. measuring the relative strength of NLO and LO 

Yukawa interactions in the bulk case for generic Ph,^,x^ is given by: 



fUi,a 
J y 



(114) 



We then consider the overlap correction factors associated with the interaction of KK and 
zero mode fermions. They enter at each Higgs vertex (and mass insertion) in the one-loop 
diagrams of Figs, [l] and |2} The wave functions for the KK fermion modes are [30] : 
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where a = |c + 1/2| and Xn denotes the normalized wave function of the level n KK mode. 
The coefficients 6Q,(m„) and the mass spectrum m„ are determined by the BC imposed on 
the corresponding fermion. For (++) BC, one obtains [301 EH] 



Ja-ijmn/k) ^ Ja„i(m„e^^^/fc) 



(116) 



The coefficient for the wave function of the ( ) KK mode, is obtained by the replace- 
ment a — 1 — )■ a, and the replacement c — )■ — c should also be made. The coefficient 6^(m„) 
for the ( — h) KK mode is instead given by: 



-b' 



Jajmrr/k) ^ Ja_i (m^e^^^/fc) 
Y^imjk) ~ F„_i(m„e^-^/fc) 



(117) 



while the coefficient b'j^{mn), for the wave function of the (h — ) KK mode, is obtained by the 
replacement a ^ a — 1. The normalization factor Nn, for (++) modes, is as follows 
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and the one for ( ) KK modes is given by the replacement a ^ a — 1. The normalization 

factor A^„, for ( — h) KK modes, is instead 
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(119) 
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and the one for (H — ) KK modes is given by the replacement a ^ a — 1. For all KK modes, 
in the limit m„ « k and kR >> 1, the normalization factor is well approximated by 

Nn ^ r-. ^ , . (120) 



In this way the value of all KK modes on the IR brane is approximately v2fc, as also in [16] 
and others. The above definitions of the fermionic KK normalization constants are needed 
when writing the 4D Lagrangian of Eq. ([T]) in terms of the Yukawa couplings in Eqs. (|5]) 
and 0. 

The overlap correction factors for the KK modes in Eq. ([T| are thus defined as follows 



r_ ic„, c^, y) ^^^^^^ 7rR)xm{cn., nR){vvlP)/{k^e''^-^^ ' ^'"'^ 



where n,m = 0,1,1 ^,1 ,1"*" ,2,... denote the KK states. In the following, we will only 
consider the effects of the first KK level, thus taking n,m = 0, 1, 1~~^, 1~, 1^ . Notice also 



that the overlap integral of Eq. (121) with two bulk scalar fields is equivalent to the overlap 
integral of a single bulk Higgs field with (3 = 2 + + rescaled by a 0{1) correction 
factor, Rff^ 

(vvlPe^^-R/k)^2{3 + f3H + f3^) ^2(1 + /3h + /3$) 

All overlap factors can eventually be rewritten in terms of Rh'S>, in order to make a direct 
comparison with the case of a single bulk scalar field, the Higgs, and no flavon fields. 
Since is strongly constrained by electroweak precision measurements [1], and H and $ 
are exponentially peaked towards the IR brane, the Cui,d, dependence of the various overlap 



corrections in Eq. (121) is mild. In addition, the continuous ( ) and (H — ) wave functions 



vanish at the IR brane, thus further suppressing the corresponding overlap corrections. It 



is also important to notice that Eqs. (116) -(119) imply that the ( — h) modes imitate the 



(++) modes, while the (H — ) modes imitate the ( ) modes. The same behavior should be 

refiected in the corresponding overlap correction factors. 

A.l Numerical results for the overlap correction factors 



We calculate the overlap integrals in Eq. (121) numerically for the first level KK modes and 



for the bulk masses assignments in [T] and Eq. (110). In the following n,m = 0, 1 and we 
define: 



Similarly we also define: 

Ci-=^n-V(Q...,cJ,/3). (124) 
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The (++) and ( — h) KK-KK overlap corrections are given by: 



u,d u,d 



11 
11 



0.747 
0.738 



11-+ 



11 



0.744 
0.645 



~ rJi-+ ~ 0.740 



11- 



0.708. 



(125) 



The 



— ) and (H — ) KK-KK overlap corrections are given by: 
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The (-|--|-) KK-zero and ( — h) KK-zero overlap corrections TqI''^' are given by: 
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01- 



0.790 



0.755. 



The zero-KK and zero-KK ( — (-) overlap corrections t^q'^* are given by: 



'10 — 



0.806 r"^'., 
rJo ~ 0.790 rj_^ 



0.822 rfo ~ 
0.803 rJo - 



1-+0 



0.798 



' 10 — 



0.720 



1-+0 



0.795 rl- 
0.784 
~ 0.730. 



0.811 



Using Eqs. (112) and (125) -(128) we obtain the coefficients Bp'^ to be used in the spurion- 
overlap formula in Eq. (28), 

(129) 



(126) 



(127) 



(128) 



B% ~ 



1.5. 



Notice that, while Bp'^ is larger than one, each independent overlap correction factor is 
always smaller than one in magnitude and approaches one for IR localized H and $ fields. 



B Diagonalization of the KK mass matrices 

We provide more details of the diagonalization procedure described in Sec. |4| starting from 
the one-generation case, and then considering three generations. We ffist specify the KK 



mass spectrum corresponding to the bulk parameters assignment in Eq. (110). Masses are 



obtained by solving Eqs. (116) and (117) numerically. The common left-handed bulk mass 
parameter determines the mass of all LH (++) KK modes, Q^'"-"', providing M^^ = 
MxK — 2.55 ke~^'^^. The rest of the KK mass spectrum for the down-sector, in units of 



ke ^'^^ and omitting the label KK to ease the notation, is 



M 



(1) 



2.8 M 



2.8 M 



(1) 



M 



(1)- 

R 



2.55 M, 



(1) 



2.5 M, 



(1)- 



2.75 
= 1.23, 



(130) 
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while the mass spectrum in the up sector is given by: 

M (1) = 2.8 M n)-+ = 2.8 M w = 2.56 

"fl n^Ti 

M(i)-+=2.7 Mn)=3.4 M-(i)-+=2.5. ^ ^ 

Considering the above numerical values, we are going to treat two of the three KK modes for 
each generation as almost degenerate, when diagonalizing the one-generation mass matrices 
to 0{x). Naively, this approximation may cease to be a good one for differences in KK 
masses of O{0.2ke~'''^^), which happens to be characteristic of the first two generations since 
their masses are only three times larger than x = v/Mkk- For this reason, we kept track of 
0{x'^) terms in the perturbative diagonalization process, and verified a posteriori that they 
are sufficiently suppressed and can be neglected within the 0{x) approximation. 

B.l Diagonalization of the one- generation mass matrices 



Starting from the down sector KK mass matrix in Eq. (31), and using Eq. (130) we realize 
that we have to perform a 7r/4 rotation in the (2,4) plane when obtaining Oj^'^ and a n/A 
rotation in the (2,3) plane, when obtaining O^^^. These rotations act on (JS/i^^)"^ for 
O^^^ and (M^^)^Mf^^ for O'j^^ . Once these rotations are performed and the corresponding 
degenerate subspaces have been diagonalized, the resulting matrix can be diagonalized using 
non degenerate perturbation theory. The same holds for all the one-generation mass matrices, 
where the main differences reside in the degenerate subspaces. The resulting diagonalization 
matrix for the down sector of the first generation is 

QdKK ^ 

/ 1 0.64fQ^(roiyd - rioiyu)x 0{x^) OMfg^ {roiijd + rioiyu)x 

-0.91/^Voij/*x -ij (-5.24rii -4.76riii)y*x -ij 

0{x^) (3.7(rii - riii)j/u + 3.37{r22 - »-222)i/d)a^ 1 {3.7(rii + riii)j/„ + 3.37(r22 + r222)s/d)a; 

\ -0.91/gVioiy*x ^ (-5.24rii -4.76riii)y*x ^ 

(132) 

Since the KK mass spectrum in the up sector of the first generation is substantially identical 
to the one in the down sector (q = 0.77, = 0.79), the matrix O^^^ can be obtained from 
the above equation by the replacement iju -H- yd- For the right diagonalization matrix, we 
obtain: 

Of'< = 

_ 1 fa^rwVdX 0{x^) Oix"^) \ 

-fi^rx^y^x 1 3.37(rii + r22)?/d2: - 3.7(riii + r222)j/ii3:^ 3.37{rii + r22)3/d3:: + {3.7(riii + r222)2/ua; 

0(^2) -(4.76rii+5.24r22)j/2a; ^ 

\ Oix^) -(4.76rin+5.24r222)j/:a: ^ ^ j 

(133) 

where, once again, O^'^ is obtained with the replacement -H- yd- Next, we turn to the 
s-quark sector, which due to the "fake" SU{2)ji partner of the cr quark, , shows the 

same KK mass degeneracy pattern as the one in the t-quark sector. Then O^^-^ is given by: 

02^^ = 
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/ 1 OMfg^omx 

-OMfQ^roiVsX 1 

0{x'^) (8.6rii + 8.1r22)ysX 



(6.06ri 



1 + i.72r22)e'^^y*sX 

\/2 4V2(riii+r222) 

J_ I ('■?il-'-222)gc+r^i(|gs|V|gc|) 

\/2 4x/2(riii+r222) 



%/2 



rimVcX 



-(6.06ru +4.72r22)e*''-y> 



1 

V2 ■ 



^ ('•Ill-'-222)i/c + '-;i(lg.l /gP ^ 



4V2(riii+r222) 
" 2)fe+r-?i(|g3|V|gc|) , 



4\/2(riii+r222) 

(134) 



where 9c denotes the phase of j/c- The right diagonahzation matrix, Oj^^ , is instead 



Or'' = 



/ 1 

-fr^noVsX 
0{x^) 
\ 0{x^) 



V2 



+ 

(5.7r 



-^rioe"'':y*x 

''222-''?il)gc+r-22(lfclVO 
4\/2(T-lll+r222) 

ii+6r22)e^^=y> 



%/2 



+ 



4\/2(riii+r222) 



0{x^) 

X (8rii + 8.5r22)ysa; 
1 

X 



e'^<= , {r222-rlii)Vo+42(\ysf/y'c) 
V2 4x/2(riii+r222) 



-(5.7rii +6r22)e'''<=y> 



1 



c + ''22(lyar/li/c|). 



4\/2(riii+r222) 



(135) 

The diagonahzation matrices for the i-quark sector, similar in structure to the matrices in 
the s-sector, are as foUows 



1 0.75/g^roiSta: 
-0.75188/QVoiytx 1 

O(x^) (1.73(7-11 + 1.3r22)ytx 



0(0=2) 

-/g'^rioiSjx 



^^T-ioiyfa^ 

(1.22rii + 0.92r22)' 

'-^111 ~^222 



'"by'x 
+ ^^11 



4V'ilriii+r222 

-iii-^222)yb+Ut4o+ni) 

4%/2(riii+r222) 



2)»i,+(/?'-?o+'-ji)(|ytlV«p ^ 

4x/2(riii+ro22) 
?b + (/?'-fo+'-?i)(lgtl''/l!i|,l) ^ 
t%/2(riii+r222) 



V2 



+ 



^l^'-lOli'ta: 

-(1.22rii + 0.92r22)e'''f'i/*a; 

'-lll-'-222)«t. + (/?'-10+'-ll)(l«tlV«;) ^ 
4\/2(r, 11 +7-222) 
-'-222)»b + (/f '■lO + '-ll)(l«tl'^/l«bl) ^ 
4v'2(riii+r222) 

(136) 





n/2 



where denotes the phase of y^, and 



^'^lll 



Or"" = 



1 

-ft^rwytx 
0{x^) 
0(a;2) 



J? — 1 

e'^b I ('222~''lll)t'b+''22(li'tl^/g6) 

V2 ^ 4%/2(riii+r222) 

(0.92rii + 1.22r22)e'^''yt*a; 



\/2 



+ 



4V2(r-iii+r222) 



0(x2) 

a; (1.33rii + 1.8r22)yta; 
1 

c 0(a;2) 



e'°b 
^/2 



^rxoe'^''ylx 

i^222-rill)Vl>+rl2{\yt\^/Vb) , 



4%/2(riii+i-222) 

-(0.92rii + 1.22r22)e'^^i/4*x 

J_ _ ('•■222-'-lll)gb+'-22(lgtlV|g6|) . 



4\/2(riii+r222) 

(137) 

Finally, we consider the 6-quark sector and the analogous c-quark sector. Starting with 
O^j^^ , we obtain: 



/ 1 

-fq^roiPtx 
0{x^) 



■%roi\yb\x 



('•ii-''22)gb+''iii(lytl /vb) , 

4-\/2(riii+r222) 



-r^2)|gb|+rjii(|fe|V|gb|) , 



V2 

j_ _ (ri 

V2 4\/2(riii+r222) 

V -VQ^noiVtX 0.47(rni + 2r222)yt a; 



V2 



-^roi\yb\x 

{rli-rl2)yl+rlii(\yt? /yb) , 
4-\/2(riii+r222) 



'^fq^riQiytX 
0{x'^) 



^'"'^ ^ -i(rni2/* + 2r222y*)^ 



0.47(riii + 2r222)ytX 



(138) 



and for the right-handed diagonahzation matrix 
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-fb ^rioVbX 
0(a;2) 



-^no\yb\x 

_e!!i {r^2-rliM+rl22i\ytWyb) 
\/2 4/2(rii+r22) 

J_ , (''i2-'-?i)lgbl+ri22(|gt|V|ybl) 

V2 4V2(rii+r22) 



Jb 

V2 



''lolyfcia 



, (''22-'-Il)gb+'222(lgtr/t/l,) 

72 4y2(rii+r22) 

j_ _ ('■i2-'-ii)lyi.l+'-i22(lgtlVlg!.l) 

V2 4V2(rii+r22) 

^(riii + 2r222)e'^''t/?x 



-i(2riii +r222)yta; 



C»(a;2) 
1 



(139) 



Analogously, O^^^ is given by: 



1 

C»(a;2) 
V -0.94/^Vioiy> 

while O^^^ is 
Or'' = 



/ 1 

-fc^novcx 



/-I 

-^?-oi|yc|a; 

V2 4V2(riii+r222) 
J_ _ {r^ii-rl2)\Vo\+rfii{\Vs\V\yc\) 
\/2 4\/2(riii+r222) 

-(6.1rni + 5.7r222)2/> 



X 
X 



-^roi\yc\x 

irfl-rl2m+rf,,{\Vs\Vvc) 



X 



J_ , {rt^-r'22)\Vo\+riii{\ys\V\yc\) 
\/2 4\/2(riii+r222) 



V2 4y2(riii+r222) 

2)lyc|+r^ll(|g.|^ 

4\/2(riii+r222) 

-(6.1riii + 5.7r222)2/> 



0-94/QVioiysa; 
C(a;2) 

?.6riii + 8.1r222)2/s 
1 

(140) 



+ 



-^rio\yc\x 

(^22-^jl)gg+^222(|y^P/i'c) 



V2 ^ 4^/2(^■l 1+7-22) 

_„2 |_L,*-2 /'L". 12 y 



a:; 



+ 



^rio\yc\x 

(''22 -''l 1 +^222 ( |g« I ^ /l/c ) 



V 0( 



(5.65riii + 6r222)e*^'=y*x 



V2 ^ 4V2(rii+r-22) 



1 
V2 



{'■i2-'-?l)lj'cl+'-i22(li'«lVll/c|) 



4v^(rii+r22) 

-(5.65riii + 6r222)e*'^'=y*x 



0(a;2) 

a; (8riii + 8.5r222)ysX 
1 

(141) 



We also provide the KK mass spectrum obtained in the one-generation approximation. The 
mass spectrum for the first generation, u and d, KK modes remains unchanged at 0{x) and 
given by 

(Mjf ),,,, = Mkk dtag {yu,dfQ' fui^oox, 1.1, 1, l.l) (142) 
The mass spectrum for the s and t KK modes is modified in a similar manner, as follows 

{Mf^)diag = MKKdiag {ysfg^fr^roox, 1.125, 1 - (rm + r222)\yc\x, 1 + (rm + r222)|i/ck) 
(Mf = Mkk X diagr {yt/g^ff^roox, 1.33, 1 - (rm + r222)\yb\x, 1 + (rm + r222)\yb\x) 

(143) 

The mass spectrum for the b and c KK modes is also modified in a similar manner 

{M^^)diag = MxKdiag {ybfq^ fb^^oox, 1 - (rm + r222)|i/6k, 1 + {ni + r22)\yb\x, 0.5) 
{M^^)diag = M;^;^ X dio^ {ycfq^fc^roox, 1 - (rn + r22)|yck, 1 + (ni + r22)\yc\x, 1.125) 

(144) 
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B.2 Overlap dependence of Dipole Operators in the one-generation 
appr oximat ion 

In this section we evaluate the coefficients Bp'^ that enter the spurion-overlap analysis of the 
new physics contributions to the neutron EDM, e'/e and b — > 57, when it is combined with 
the direct diagonalization of the one-generation mass matrices. The approach is described in 



Sec. 4.1 and makes use of Eqs. (33) a nd ( 34), the Yukawa matrices of Eqs.(35)-(37) and the 



B.l 



In the evaluation of Bp'^ for this case, we neglect 



diagonalization matrices of appendix 
the very moderate generational dependence of overlap corrections and use their maximal 
value, leading to the most conservative estimate. 

We start with the down-type contribution to the neutron EDM. The overlap dependence of 
this contribution in the one-generation KK diagonalization scheme is encoded in {Bp)^^^]^'^^\ 
for which the most dominant contributions are as follows 



d'.KKilgen) 
PJnEDM 



(roi + rioi) [2.6rio(rii + rm) + 1.88rio(r22 + r222) + 0.91/Qroo(roi + noi 



. . . . „^ 

(145) 

Here and in the following rm = rii-+, rioi = T01-+, r22 = ^i-i-, r222 = ''^1-1+- and 
the notation for the rest of the overlaps is the same as in Eq. ([T]). As we naively ex- 
pect from the spurion-overlap analysis in the mass insertion approximation, each term in 
the above equation is cubic in the overlap correction factors and of the characteristic form 
(0 - KK){KK - KK){KK - 0), or (0 - 0)(0 - KK){0 - KK) for proportional terms. 
Notice that the latter, with fg f» 0.1, is suppressed compared to other 0{x) ~ C(O.l) terms. 
For this reason we can safely neglect the overlap correction terms proportional to (9(0.5)/q 
in the expressions below. 

The overlap dependence of the up-type contribution to the neutron EDM is encoded in 
{Bp)nEDM^^\ for which the most dominant contributions are as follows 

{Bp)nEDA'r^ = (no + rioi) [2.6rio(rn + rni) + 2.9rio(r22 + r222) + 0.46/^roo(roi + noi)] ■ 

(146) 

The overlap dependence of the up- and down-type contributions within the first generation 
is almost identical, due to the similarity of the corresponding one-generation KK diagonal- 
ization matrices of Eqs. (132) and (133) and given that q = 0.77 and c„ = 0.79. More 



substantial differences between the overlap dependence of up- and down-type contributions 
to e'/e and b ^ sj are to be expected, since they involve less degenerate bulk parameters 
from the second and third generation. In addition, to account conservatively for the genera- 
tional dependence within the one-generation approximation, we will take the maximum over 
all generations for the following Bp"^ factors. 

The overlap dependence of the down-type (neutral Higgs) contribution to e'/e is thus encoded 
in (i?p)^y^*-^^^"\ for which the dominant terms are as follows 



/ ryd \KK{lgen) 



max 



1 5 
'^oi'^io I -^rui - -r222 + 



11 



4 



4 



4(riii + r222) 



fQr oo'^ioi 



(147) 
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For the up-type (charged Higgs) contribution to e'/ e we obtain 

max I 3.24r^^ — 6.06riii(rii + r22) — 0.125r^]^^ + 5.93riir22 



u^KK{lgen) 



Jll + r22 

+2.68r22 - 6.43r222(Tii + r22^ 



rn +r22 \8 



i^n + ^iii) + 0.5riir22 



-2.7riii(rii + r22) + 0.3 75r22 - 3.37r222('^ii + ^^22' 



(148) 



For the down-type (neutral Higgs) contribution to 6 — 57, the dominant overlap dependence 
is as follows 



d\KK{lgen) 



max 



no 



roi 



. ru + r22 

+ noi (-0.125 r^^ - r^ii + 0.5rnr22 + 0.625 r^2) 
H — roi (4riiriii + 4.8riiir22 + 4.04riir222 + 4.76r22r222) 

rill + ^222 L 

-frioi (-O.lr^^i + 0.125r22 + 0.54riiir222 + 0.625r222) 



- rioi (1.32rioriii + 4.62rior222)} , 
while the dominant up-type (charged Higgs) contribution is 



(149) 



u\KK(lgen) 



max 



rio 



roi 



(-0.18 + V2rl^^ -Ir^xr 22 - \.8rl^ 



. ^11 r22 

+ rioi (0. 125 + r\^^ + ^2 rnr22 + 1 .2 75 



+ 



'^lO 



'^oi (-4riiriii - 3.8riiir22 - 4.04riir222 - 3.8r22r222) 

^111 + ^" 222 

+ rioi (0.125r?^i - 0.125r22 + 0.47riiir222 + 0.347r222) 

+ rioi (1.32rioriii - 2.9rior222)} • (150) 

Using the numerical results for the overlap corrections in the RS-A4 setup, as given in 
appendix A.l, we obtain the following conservative estimate for the modified -Bp'^ overlap 
factors 



K^PJnEDM — '-'•^ K^PJnEDM — '-'•'J \^P)e' 



u'.KKilgen) 



.d\KK{lgen) 



0.2, 



to be used in the combined spurion-overlap analysis with the diagonalization of the one- 
generations mass matrices - see Sec. |4.1[ 
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B.3 Approximate analytical diagonalization of the three-generation 
mass matrices 



This section collects more details of the approximate analytical diagonalization scheme de- 
scribed in Sec. |4.2[ In particular, we are going to inspect the structure of the down-type 

once it is rotated by the block KK diagonalization matrices, 



mass matrix, 



r\DKK 



This allows to understand why an additional rotation by the A4 12 x 12 matrices, O^'^* may 
provide an almost complete diagonalization. Similar arguments hold for the up-type mass 
matrix, M^^^^, which is of an analogous structure. Using the 4x4 block notation, we write: 



M, 



KK 



KK)diag/ MkK 



kkQ^kk 



R 



X 



X 



R 

O^j^'^X 



iM'KK)diag/MKK 



'O 



bKK 

R 



X 



^QSKK^]-Y"kK Q^KK 
{M'j^K)diag/MKK 



R 



X 



(152) 



In the above equation, ' 



namely Y,'* 



is a shorthand notation for the off-diagonal entries in Eq. (|38|) 
fd) and so on. Using this notation, the matrix 



the same structure as Y^^ in Eq. (35), up to the replacement iJua 
Eq, 



one also has y^^^^ = {Y^2'^)lo = '^{yi2)Lov'^e^'^^ /k, while Eq. [7| provides the NLO 
contribution. Since we want to perform the diagonalization to 0{x), the slight generational 
dependence of the overlap corrections is numerically negligible at this order. The same goes 
for the zero-zero interaction terms in each of the off-diagonal blocks. It is important to 
notice that the latter are proportional to x, hence it is clear that only the 0{1) terms in 



has 

At LO, from 



■.u,d\ 



{d,s,b)i 
L,R 



o 

of Eq. (152). The 0{1) terms in the KK diagonalization matrices arise from the rotations 



will supplement us with off-diagonal 0{x) entries in the "KK- rotated" mass matrix 



that diagonalize the corresponding nearly degenerate subspaces. 



To illustrate it, we first focus on the (12) block in Eq. (152) and write it explicitly. From 
Eqs. (132) and (133), we learn that the 0{1) terms in correspond to tt/A rotations in 

the (24) and (34) subspaces, respectively. Similarly the C(l) terms in of Eqs. (134)- 



(135), correspond to 7r/4 rotations (plus a phase 6 c = Arg{yc))in the (34) and (24) subspaces, 
respectively. Using {yi2)LO = {yif)LO, we have ij^., ~ ij^s'^ and the (12) block of M^j^j^^ 
turns out to be: 



^ fo^fs ^rooysX 



12 



fn^noiycx 







fs ^rioysX 




"l" {r222yc -r22ys)x 
\riiiycX 

(^222^: + ^22^:) X 



fq^rioysX 


rnysX 




-^^ycx 

{r222yc -r22ys)x 
\riiiycX 



\ 



2 



(^222^: + ^22^:) X J 
(153) 



^Notice that we also have jjc — jjs, which is an exact equahty for the LO Yukawa interactions. 
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Because of the near degeneracy of and r222, one concludes that the second row is approx- 
imately vanishing. A similar pattern will emerge for the (21) block, where the third column 
will be the one that approximately vanishes at this order. Considering the (13) block, we 



recall that {yif)LO = {Vii )loi which implies ylf^ ~ yt,b, thus leading to 



/ 



v 



13 

fq^fb^rooyhX 


fb^rioybX 




-^roiybX 

(^222^? -r22y*b)x 

%ybx 

Y- (^2222/t +r22yb)x 



'^(r222j/r -r22yb)x 

%ybx 

-2- V'l22yt +r22yb)X 



%ro,ybX 



fq^rioiytx 



\ 





riuytx 

/ 

(154) 



It is already at this level that we notice the modifications induced by yt — 2.8, as compared 
to yu,c,d,s,b = 1- The difference of Yukawa couplings now spoils the vanishing of the second 
row for the (13) block, differently from the (12) block. An analogous situation arises in the 
third column of the (31) block. This will be the main obstacle in obtaining a fully analytical 
diagonalization of all blocks involving the third generation. 
Finally, we focus on the (23) block of 



(KK)- 



From Eqs. (138) and (139) it is clear that 



the 0{1) terms in O^^^ correspond to a 7r/4 rotations in the (23) subspace of the (M^^-|)23 

block plus a phase 9b = Arg{yb). Using {yli)LO = <^^{yif)LO, we get y/'^ ~ uj'^yt,b and the 
(23) block turns out to be: 



23 







-2 — Vbrii 

^T—ybTii ^ 



' 2 



y*tr222)x (■ 



2 



7r^22%a; 

^'""y^r222)x 



-ybrii 
-ybru 



2 



^4^222)2: 



^"^Iq^fwiytx 


='^r^iiytx 



(155) 



As expected, the cancellation pattern we encountered in the (12) block gets modified even 
further than in the (13) block, d ue t o the different rotations involved in the (23) block of 



Observing Eqs. (153)- (155), we realize that the distribution of the 1, u and 
factors in the off-diagona 



blocks of M^^-) approximately corresponds to the one of the 
leading order Yukawa couplings {y^f)LO^ up to complex conjugations of terms proportional 
to yu^c,t,d,s,b- For this reason, we expect the A4 12 x 12 rotation matrices defined as 0^^)f = 
^L^R ® ^4x4 to induce some cancellations among the various blocks of M|^^^. However, due 
to the difference of yt from the rest of the LO Yukawa couplings and due to the different 
rotations in each of the off-diagonal blocks of M^^-j, it is clear that the cancellations induced 
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by O^^)^^'*" can never be exact, even if we only consider the LO Yukawa interactions. Thus, 
the above diagonahzation scheme will still fail to fully diagonalize the degenerate subspace. 
On the other hand, off-diagonal elements in the non degenerate subspaces like the zero-KK 
and a few KK-KK entries can be treated using non degenerate perturbation theory. 
At this level, the exact structure of the approximate 12 x 12 diagonahzation matrices com- 
posed of the O^^^, 0^^)f and the perturbative rotation matrices, used in attempting 
the analytical diagonahzation, is very complicated and impossible to write in a compact 
way. Instead, to better estimate the inaccuracy of this diagonahzation scheme, we assign 



yu,c,d,s,b = ^, yt — 2.8 and set the bulk masses according to Eq. (110), which yield the phys- 



ical running quark masses at the scale R' ^ ~ 1.8 TeV and fix all the overlap correction 



factors. The NLO Yukawas are assigned according to Eq. (12), to provide a realistic CKM 
matrix in the ZMA. The x parameter is left unassigned. We then write the magnitude of the 
off-diagonal elements in the degenerate subspace of M^^^M^^^ to gain an insight into the 
"contaminations" , which can not be treated using non degenerate perturbation theory and 
can only be partly reduced by the O^''^* rotation matrices. A similar procedure is followed 
for M^^^M^^-, and the right-handed rotations. 



From Eqs. (142)- (144), we learn that the degenerate subspace approximately decomposes 
in two blocks, one corresponding to the (2, 4, 6) subspace, where all KK masses are approx- 
imately I.IMkk and the (3, 7, 8, 10, 11) subspac^ where all KK masses are approximately 
Mkk ^ 2.55 R'-\ In Mf^^^M^J^^ these masses appear squared, since every diagonal block 
is proportional to a diagonalized one-generation KK mass matrix squared plus additional 
terms. Hence in total, we have the squared spectrum (1.21, 1, 1.21, 1.21, 1, 1, 1, 1) on 
the diagonal of the (2, 3,4, 6, 7, 8, 10, 11) subspace of M^^^M^^^, and the contaminations 
in the same subspace amount to 



f 1.21 Oix^) 0{x^) 0.03a; 0.02a; O.Q2a; -O.lx -0.15a; 

0{x^) 1 0(a;2) 0.2a; 0.25a; 0.2x 0.25a; 0.25a; 



1 

0{x^) 0{x^) 1.21 -0.03a; -0.25a; 0.25a; 0.05a; 0.2a; 

0.03a; 0.2x -0.03x 1.21 0{x^) 0{x^) (-0.05 + 0.15i)a; -0.05 + 0.1m 

0.02a; 0.25a; -0.25x 0{x^) 1 0{x'^) 0.25ix 0.2ix 

0.02a; 0.2x 0.25a; 0(a;2) 0{x^) 1 -0.1a; -0.14a; 

-O.lx 0.3a; 0.05a; (-0.05 + 0.15i)x 0.25m -0.1a; 1 0{x^) 

-0.15a; 0.3a; 0.2a; (-0.05 + 0.1i)a; 0.2ix -0.14a; ©(a;^) 1 

(156) 

We realize that the largest contaminations of (9(0. 25a;) are numerically suppressed by three 
orders of magnitude compared to the diagonal entries for x ~ 0.04, which corresponds to 
R'^^ = 1.8 TeV. For this reason, the results of the approximate analytical diagonahzation 
scheme can still provide an order of magnitude estimate for the physical couplings between 
zero modes and KK modes. From the above matrix, one can also infer the way O^^'^ 



®Since the contaminations in the off-diagonal elements of the degenerate subspace are of 0{x), the 0{x) 
corrections to the KK masses wiU have a minor effect on this estimation. 
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deviates from the "true" diagonalization matrix; in particular it is evident that the first 
row of O^^^ is the least contaminated. This qualitatively explains why the semianalytical 
estimation for the neutron EDM is in better agreement with the numerical result than in the 
case of e'/e and b — )■ 57. We have failed to find a better analytical method which would allow 
us to further diagonalize the contaminated subspace of Eq. (156). Nevertheless, the adopted 
scheme allows to qualitatively understand the way some of the cancellation mechanisms still 
act in the full 12 x 12 case. An analogous situation occurs for {lSA^'^'M.^)(^KKDeg ) ^^"^ 
right-handed diagonalization matrix O^^^. 
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